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FOREWORD

Thic dJocument summarizes the proceedings of the third in a series
of annusl revievss of the principal meteorological research results con-
ducted undsar the Weather aid Climate Program of the NASA Office of
Space and Te:restrial App/ications. The pirevious reviews were for the
primary purroge of evalvafing program progress and to provide a basis
for justifying future activities. The third review was expanded in scope
to promote informatior exchange with the meteorological community.
To aid in this exchange, representatives from the National Oceanic and
Atmospheric Administration, National Science Foundation, and Depart-
ment of Defense were invited to attend the science review which was
held at the NASA Goddard Space Flight Center, Greenveit, Maryland, on
November 29-30, 1977,

The NASA Weather and Climate Program has two major thrusts;
the first involtes the development of experimental and prototype opera-
tional satellite systems, sensors, and space facilities for monitoring and
understanding the atmosphere, the secord involves basic scientific in-
vestigations aimed at studying the physical and chemical processes which
control weather and climats. These major aspects of the program focus
on exploiting th¢. capabilities of space technology for: (1) the detection,
monitoring, and prediction of severe storms, (2) the improvement of
global weather forecasting; and (3) the monitoring and prediction of
climate change. The third science review concentrated on the scientific
research rather than the hardware development aspect of the program.

Thirty-six scientific papers were presented covering these three
general areas. Session moderators were E. R. Kreins, R. C. Herfurth,
and C. R. Laughlin, NASA Meteorology Program Office, Goddard Space
Flight Center. The papers published in these proceedings are separated
into two sections. The first section contains those papers presented
orally at the science review (papars numbered 1-36). The second section
contains additional research results which were not presented in the re-
view due to time limitations (papers numbered 37-59). To expedite the
publication of these proceedings, papers were submitted in camera ready
format. Each author assumed full responsibility for the content of his

paper.

Earl R. Kreins

Science Review Coordinator

NASA Meteorology Program Office
Goddard Space Flight Center i
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Paper No. 1

DRY AIR ENTRAINMENT INTO CONVECTIVE C.OUDS
Dr. J. Teriur President, Effective Concepts Inc.

ABSTRACT

A systematic approach to the study of turbulent motion must be
undertaken if we are tc achieve adequate successes in weather
modification. The most urgent problem relates to efiects on the
cloud particles of the variable evaporative cycles as dry air is
mixed into clouds. Such studies have a broaa applicability to
211 atmospheric and climatic studies. A zero-g study is proposed
to enable the basic experimental data to be collected so that
theory may be developed to generalize such results for practical
quantitative applications.

INTRODUCTION

The obvious societal need to utilize every possible means
to adjust one's environment for the greatest benefit for every-
one is nowhere better illustrated than in the case of weather
modification. Weather modification has become the first real
confrontation between atmospheric science and the atmosphere it-
self where the need justifies continued efforts in the face of
fornidable problems, and effectiveness can easily be judged by
the average citizen.

The science of atmospheric clouds presentliy falls far short
of completeness. Hypotheses and theories abound but most are
acceptable contributions only because the variability in the
measurements is tacitly taken to support a view which allows that
actual observed cases should provide no realistic limits on
models, the observations being inherently "inconsistent' or
"unreliable". This is the core of the prcblem. The reality of
statistical variability, originating in the fundementally
turbulent nature of the atmosphere, is somehow avoided. Ideal
tools have not been found for dealing with it in theory. The re-
gsults of gtandard statigtical data analyses are disappointingly
vague when met in weather modification experiments. We tend to
have the scientific effort divided into two groups; those who
make only vague attempts to understand the phenomena in detail
and rely on the black box type of empirical studies, measuring of
stimulus ans response, and those who attempt to synthesize from

fundamental principles the more complex behavior met with in the
real world.

D



There is some justification for the feeling that the synthetic
approach has produced solid gains which will be part of the
science when all the statistically based experiments which did not
quite succeed are forgotten. However, these s.udies can not much
longer be justified unless a direct attack is made on the way
turbulence is to be included in cloud models. It has been
possible to publish very simplified models ignoring turbulence
(or over simplifying it) because observations in clcud 2-e ex-
tremely expensive and difficult, so permitting inadequate
theories to evade the crunch of meeting inescapable facts; up
until now. The author (Telford, 1975) has drawn attention to
these conflicts between many models and the most reliable obser-
vations, and none of these conflicts is more relevant than those
arising from the usual model “ormulation ignoring vertical mixing
of dry overlying air down into the cloud.

Cloud Physics Background

Perhaps the most fundamental problem related directly to the
rain formation process in the microphysics of warm clouds is in
the exact consequences of the mixing of dry air iato the cloud.
Warm rain foruwation involves a process whereby the cloud drops
collide and coalesce, the bigger drops falling faster and over-
taking and gathering up the smaller ones in their path. There
has always been a well recognised problem as to how drops of
sufficient size difference were formed during the init:ilal con-
densation process. The author (Telford, 1955) showed how, once
a “ew percent of the drops developed to twic2 the average size,
the random statistics cof successive drop collisions resulted in a
sufficient proportion growing faster than the rest to account for
the drop numbers found in rain. These grew in perhaps 20%Z of the
time which would have been needed at the average growth rate.

This stochastic theory has been elaborated over the last ten
years, so that every detail has been included. In addition the
dynamics of the cullisions between two drops for each of ihe
possible collision sizes has been calculated theoreticallv. How-
ever, despite the lack of irrefutable experimental checks the
general conclusion is that it is difficult to form drizzle sized
drops in the cloud lifetime as actnally observed, if the drops
perrform as cur-ent theory would predict.

The basic problem appears to be that, in order to make the
calculations feasible, the cloud model is simpiified by omitting
the random turbulent motions. However, the wnost noticeable fea-
ture of cumulus clouds, which are usually selected for study be-
cause of their simplicity relative fo other cloud systems, is the
enormous variability in external form. In-cloud measurements
show that their internal form is equally variable, with, however,
some regularities of great significance. (Telford, 1975, Telford
and Wagner, 1976, Wagner & Telford, 1976)
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The problem of cloud formation condensation was studied
from earliest work (Howell, 1949, Squires, 19524, i952B) on the
sclentific treatment of clouds. It was clear that the drops in
the cloud depended on the size and number of the particles
capable of sta_ting the condensation process, and that the rate of
adiabatic water release was also important. It was also clear
that the bigger nuclei completely dominated the process. Thus the
source of nuclel found over the oceans usually lead to fewer cloud
drops in maritime clouds than ia continental clouds. This dif-
ference leads to the deduction that small, more numerous drops in
continental clouds are less likely to ~oalesce and so form rain by
this mechanism and thus the freezing rain mechanism must become
more important. Recent work (Hallett and Mossop, 1974) also
showz the importance of the initially available cloud drop sizes
in initiating ice crystal multiplication processes.

The Mixing Process

The evidence that mixing is fundamental to cloud dynamics is
now well established. The theories regarding the details of
mixing and turbulence appear to have glossed over what is perhaps
the most fundamental property of real clouds, the variability on
scales of the turbulent eddies. The importance of this role is
now beyond dispute in the study of cloud dynamics.

Mixing i1s sometimes incorporated into cloud models on the
basis of very simple assumptions which simulate some of the
consequences of mixing. Thus in the single model of cumulus cloud
growth the whole cloud is instantaneously diluted with outside
air at a rute desciibing the transfer of air through its outside
envelope. Each infinitesimal volume of cloud dilutes the same as
any other volume within the cloud, instantly, as soon as the out-
side air is entrained into the cloud through its surface. This
has been applied in a model where mixing occurs only across a
constant height laver within the cloud with account beiung taken
of the condensation nuclel so introduced. The artificiality of
these assumptions is a reflection of the difficulty in achieving
a better description of the turbulent processes actually in acticm.

wnen studying turbulence, the approximation to turbulent
diffusion by postulating an eddy diffusivity has lead to contra-~
dicitions with observationt,. The eddy diffusivity implies that the
rate of transfer of mois'ure, heat or monentum is proportional to
the gradient in these propaerties. This is certsinly untrue for
atmospheric convective plumes where extremely sharp transitions
are maintained on the upstream side of tne plumes where diffusion
~onsiderations would ensure a smooth profile.

In cloud dynamics recent work has been done based on the
inertial platform supported measurement of air motion around
cumulus clouds. Consideration of the liquid water distribution
measured in these clouds, from previous data, and this new
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infoimation has emphasized the cuutcadictory nature of cloud mix-
ing when viewed as an eddy diffusion phenomenon. Indeed the
horizontal uniformity is shown to bte a result of extremely rapid
vertical mixing and insignificant horizontai tramsfer; contracy
to expectztlons based on eddy diffrsion. Typical models of con-
densation and convection in uniform updrafts, justified by eddy
diffusivity dynamics, do not warrant our confidence.

Tue Next Step

The mest urgent problems to be solved, if cloud physics is
to provide a useful model for improving weather modification
atiempts, are all related to turbulent entrainment and mixing.

Of particular importance is the effect on the drop size spectrum
of the statistical variation in the final stages of the turbulent
mixing of dry and cloudy air. It appears likely from recent
simple experiments that this effect is large and if so, it will
g0 a long way towards explaining why the current theory is so in-
adequate. A systematic study including theoretical analyses of
the turbulence process and laboratory experiments should be
undertaken.

The experimental examination of this problem is particularly
suited to a zero-g approach because in zero-g we will not aave
continual generation of turbulence throughout the measurement.
This arises under gravity because droplet evaporaticn cools the
air and increases its density differentifally as the mixing pro-
cerds. The fundamental mixing process needs to be verified under
cor litions where the key assumpiions can be studied separately.
The carryover to cloud physics of a well established theoretical
and exparimentally verified des:ription of turbulent mixing could
be convincingly accomplished with a relatively simple theorectical
extension to allow for the energy released into the turbulent
motion from .interaction with gravity. On the other hand if the
basic mixii 4 theory is at all vague, because of the problem of
interpreting ground baced experiments with all the complicated
swirling that evaporation introduces, acceptance will be slow
and the traditional view will prevail thst accounting for
turbulence is an unnecessary overelaboration.

A zero-g experiment in which a systematic study is made of
the motion and cloud drop sizee resulting wheu a small chamber
half filled with cloud, with the remainder dry air, is mixed by
carefully metered turbulent motion needs to be accomplished.
This experiment which appears to have iusurmountable problems if
attempted in the laboratory, will shed mch light on both the
nature of real cloud processes and turbulence in general.

This experiment offers a fundamental advance in the oldest
and most studied branch of cloud physics, cloud droplet growth.
It could well revolutionize the gubject and has a potential
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Fay-cff in societal needs greater than the most elaborate and
costly weather modification experimen: so far contemplated.
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THREE DIMENSIONAL CLOUD TUP CHANGES RELATED TO
THUNDERSTORM SEVERITY

Robert F. Adler, Goddard Space Flight Cente’, Greenbelt, Maryland

ABSTRACT

Digital in“rared data from a geostationary satellite are used to study
thunderstorm top growth rates and other parameters in relation to
the occurrence of severe woather on the ground. Both the rate of
upward growth of the thunderstorm top and the maximum height
reacned are shown to be useful parameters in the detection of
severe thunderstorms.

1. OBJECTIVE AND APPROACH OF STUDY

The rationale behind this study is simple. The occurrence of thundersiorm-
related severe weather (tornadoes, hail, high winds) is highly correlated with the
intensity of convection. Using SMS IR data one should be¢ able to observe or
calculate parameters related to convection intensity, such as cioud top icmpera—
ture and its rate of change.

Limited-scan (5 minute interval) SMS-2 digital IR datz from the period
1803-2208 GMT on May 6, 1975 are used in this study. The calculations pre-
sented are performed on the Atmospheric and Oceanic Information Processing
System (AOIPS), an interactive image processing system. With this
system, an irregularlv-shaped area can be outlincd on a color enhanced television
image and a histogram of the digital counts inside the area obtained.

From this histogram a cumulative histogram is compiled starting from the
cold end of the temperature distribution. That is, the number of points, N;, with
blackbody temperature Tzg S Tj is obtained, with T; vanging from the coldest
temperature in the area to the warmest valid temperature, T,. The technique
was first outlined by Adler and Fenn (1976) and is also described in Adler and
Fenn (1977).

The thunderstorms analyzed in this study lie along a generally north-
south oriented cold front running from Nebraska southward through Taxas. This
area contains all the reported tornadoes for this day during this time, other severe
thunderstorms, and thunderstorms with no reported severe weather.

2. RESULTS FROM TORNADO-BEARING STORMS

Five clouds or elements in the area examined had tornadoes associated
with them, with the total number of tornadoes being nine. An example of a
growth rate diagram for a tornado cloud is shown in Figure 1 for cloud 4. The
diagram indicates the relation between Nj and time, where N; is the number of
data points in the element with blackbody temperature, Tgg, less than or equal
to Tj. For example, the curve in Figure 1 for Tj = 218K exhibits an increase

v MRE_DINTENTIONAGIY BN




from N = 14 at 1808 GMT to N = 60 at 1823GMT. The location in time of the
severe weather events is shown across the top of the diagram.

Cloud 4 in Figur- 1 shows a rapid decrease in minimum blackbody tem-
perature, or T, and a rapid expansion of areas within isotherms. The dec:ease
in temperature can be calculated by moving herizontally across the diagram at,

{.r example, N = 10. The 218K Line and the 212K line are separated by 40 min-
utes, indicating a rate of decrease of 0.15K min-!. The values of 1/N dIN/dt are
of order of magnitude 10-3 5!, The decrease in temperature and expansion of
isotherms, of course, implies ascent.

Three tornadoes are associated with Cloud 4 (Fig. 1). The Pierce,
Nebraska tornado, the strongest cf the three, was first reported at 1905 GMT.

At that time and immediately preceding it, during the tornado formation period,
the element exhibits cold area expansion and decreasing temperature, indicating
ascent. The same pattzrn also is associated with the weaker Knox County tornado.

During the time period examined, nine tornadoes were reportcd, eight of
which could be clearly linked with a small, cold area in the IR data. Of che re~
maining eight cases, all but one occurred during, or just after, a rapid increase in
cold area, indicating cloud top ascent. Therefore, it appears that tlie formation of
tornadoes in a large majority of cases occurred during an increase in thunderstorm
top height. This vertical velocity applies on a spatial scale of approximately 15km
and does not indicate growth of individual overshunting tups.

3. SUMMARY OF RESULTS FOR ALL STORMS

Thirty-nine elements are identified ard monitored. Fifteen of these have
severe weather reports associated with theza, with five having tornadoes. All these
elements are active thunderstorms or thanderstorm clusters.

Two satellite-based pa.ametccs are found to be correlated with the occur-
rence of severe weather. These rarameters are the maximum rate of expansion of
blackbody temperature isothesms and the minimum blackbody temperature attained
by the element. The isotherm expansion is, of course, an indicator of the upper
level divergence and therefore the rate of vertical growth of the thunderstorm
top. The minimum temperature is an indicator of maximum thunderstorm height.

The scatter diagram of maximum rate of expansion, 1/N dN/dt, and min-
imum cloud top temperature is shown in Figure 2. Elements having tornadoes or
hail are noted by T's or H’s, respertively. The dots represent non-severe cases.
Tr.. severe weather elements tend to have minimum cloud top temperatures less
than 213K and rates of cold area expansion greater than 3 x 10-3 571,

A series of discriminant analyses were carried out with the two variables
individually, and with the two combined. The (iagonal line in Figure 2 is the re-
sult of the two-variable discriminant analysis. The results are summarized in Fig-
ure 3. For cloud top minimum temperature the dividing point is determined to
be 212.8K, for the rate of expansion the value is 3.5 x 10-3 51, The combined
or two variable discriminant shows perhaps the best capability. Less than 20%
of the cases below the line have severe weather, while two-thirds of elements
above the line have hail or tornadoes. The ratios in parentheses indicate the dis~
trivution of the § elements having tornadoes. It i< obvious that, at least for the
dependent data sample in this case, the satellite data can be used to discriminate
severe and non—severe thundérstorms. .

The potential for warning in terms of lead time is also examined. Based
on the criteria shown in Figure 3 the time between wher the criterion was met
and the time of the first severe weather report was calculated. The results

LK)
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indicate that a potenti warning time interval of 20 minutes is a reasonable
estimate.

. SUMMARY ANLD "ONCLUSIONS

A techaique rring digital infrared data from a geostationary satellite (SMS-
2) have been shown tc have skill in differentiating between severe and non-severe
thunderstorms. The scvere thunderstorms tend to have large rates of expansion of
blackbody tciuperature isotherms, which is indicative of rapid ascent, and low
minimum blackbody' te nperatures, indicating relatively high thunderstorm tops.

An examinatio* of five cloud elements having eight tornadoes shows that
in seven of the eight ¢ ses the first report of the tornado took place during, or
just after, a 1apic eap: sion of cold areas; this indicates rapid ascent of the thun~
derstorm to', an the s.:le observed by the satellite.
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Paper No. 3

DETECTION OF SEVERE STORMS THROUGH A TROPOSPHERIC-IONOSPHERIC
COUPLING MECHANISM

R. J. Hung, The University of Alabama in Huntsville, Alabama
R.E.S

J.
E. Smith, Marshall Space Flight Center, Alabama

ABSTRACT

Acoustic-gravity waves have been detected by a ground-based
ionospheric sounding array, and the location of the wave gen-
eration source has been determined by a reverse group ray
path computation. Computed sources of these waves were
located near locations where tornadoes touched down from 2 to
4 hours later. It is suggested that the overshooting and
ensuing collapse of convective turrets may be responsible
for generating the acoustic-gravity waves observed.

INTRODUCTION

The correlation between acoustic-gravity waves and severe
storms has been investigated during the past twenty years. Tepner
(1950) , Mstsumoto and;Akiyama (1969). and Uccellini (1975) all
contend that acoustic-gravity waves influence severe convective storms.

Along the same line, Hurg and Smith (1977), Hunget al. (1978)
and Hung and Smith (1978) have shown that acoustic-gravity waves
associated with severe storm systems are observed 2 hours ahead of the
touc *down of tornadoes. Acoustic-gravity waves are detected by a
high frequency radio wave Doppler sounder array located in the
Tennessee Valley area, and the location of severe storms responsible
for the wave generation is determined by group ray path computations.

It is believed that acoustic-gravit' waves observed at iono-
spheric + ights are generated by incense couvection associated with
severe hunderstorms and tornadoes when intense updrafts impinge up-
on an somet ‘mes penetrate the tropopause; thereby perturbing the
stable strat: :phere. When results of Shenk's (1974) analysis of
the overshooting and ensuing coullapse of convective turrets are

used in a turbulent flow model of wave excitation proposed by
Lighthill (1952), waves with the same period rs those apparently

associated with severe thunderstorm activity observed in the
ionosphere can be generated.

IONOSPHERIC OBSEPVATIONS OF ACOUSTIC-GRAVITY WAVES

A detailed description of the experimental facility used in
extensive studies of thunderstorms, tornadoes and hurricanes has
been given by Hung et al. (1978). The propagation characteristics
of atmospheric acoustic-gravity waves can be determined from
observed electton‘a'é'nﬁty fluctuations in the ionosphere.
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Figure 1 shows the result of the power spectral dencity analysis
of tha data observed at 4.0125 MHz between 1800-190C UT on Apcil 3,
1974 on the transmission between Ft. McClellan, Alabama and
Huntsville, Alsbama. The average period of the observed waves was
13 minutes.

Cross—correlation analysis was used to establish the coherency
of the signals as vell as the horizontal phase velccity of the dis-
turbances. Figure 2 depicts the results o the cross-correolation
analysis of the datra used in the power spectral lersity znalysis whose
results are shown in Figure 1. The notetiun F-N denotes the time
delav ~f the arrival of the signal between Ft. McClellan, Alabama and
Nickajack Dam, Tennessee; M-N, the time delay betweenMuscle Shoals,
Alabama and Nickajack Dam, Tennessee; and M-F, the tine delay hetween
Muscle Shoals, Alabama and Ft. McClellan, Alabama. The horizontal
phase velocity of the waves was 217 m/sec.

Theoretical discussions of group rays of atmospheric gravity
waves indicate that the geometrical optics approximation is valid.
The wave propagated is assumed to be Jocaily plane so that a local
dispersion relation of atmospheric gravity waves is satisfied. Ray
tracing, thus, can be carried out by rollowing the grouar velozZ.,
direction through a wind-stratified model atmosphere.

The propagation of wave energy in a lossless transparent medium
follows the direction of the group velocity which in general, in an
anisotropic medium, is different from that of the wave vector. The
reverse ray tracing computation is the integration of group velocity
with respect to time domain from the ionospheric reflection point

F1. ReCLELLAN, ALABAM

11
WNTSYILLE, ALAAMA
APRIL 3, 190

1000-1900 ¥V
4.0125 "tz DOPPLER

l.ﬂr AL 3, 197
1500-1300 W1

BELATIVE POMER SPECTRAL DESITY
~

F-N -~

CADSS COMRELATION COEFFICIENT
o
w

il I A N
S L] ] 10 1
» ¥ LAY THE Cwl

WY FERIOD (I
Figure 1. Power spectral density Figure 2. Cross-correlograms
of ionospheric disturbances from from Nickajack Dam (N), Muscle
Ft. McClellan, Alabame tc Shoals (M), and Ft. McClellan
Huntsville, Alabama at 1800-1900 (F) at time period 1800-1900
UT, April 3, 1974, at operating UT, April 3, 1974,
frequency 4.0125 MHz.
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back down to the trcpopause using tne wave period, wavelength, and
azimuthal direction of wave propagation obtained from the observa-
tional data, the initial vertical wave vector computed from the
dispersion relation, and appropriate atmospheric parameters. The
effect of wind 1s taken into account by considering ihc time space
transformation given by the Galilean transformations of the
displacement vector, time, Duppler-shift of the wave frequeucy,
and wave vector. (See Hunz et al., 1978, for details).

In this study, the neutral wind is treated as a constant in
each slab of the atmcsphere considered. The values of atmospheric
parametera for each altitude are calculated from the U.S. Standard
Atmosphere (1962) and profiles of the neutral wind are established
by friring in winds computed from the Kokl and King (1967) model
above 100 Km altitude, with meteorological rocketsonde data from
Cape Kennedy, Florida bel:: 90 Km.

An example of the computed group ray path of waves observed
during the time per?cd 2000-2200 0T, April 3, 197%, and the locations
and times of actual tornado touchdowns is given in Figure 3 where
actual data are prr.vided by the National Severe Ctorms Forecast
Cenier. The wave traveling time from the computed wave source to
receivers at Huntsville, Alabama was 1 hour and 52 minutes; taere-
fore, the signal was excited roughly 2-3 hours ahead of ¢ne touch-
down of rhe tornadoes. Figure 4 is a radar summary, provided by the
National Weatlier Service, for the cime 1935 UT, April 3, 1974, which
corresponds to the time when the ionospheric disturvances observed
during 2000-2200 UT, at Huntsville, Alabamawere excited. It clearly
indicates that the tops of thunderstorms are significantly above
the troporause in the Indiana area.

ANALYSIS OF CCWVECTIVE OVERSHOOTING TURRETS BASED ON SATELLITE
PHOTOGRAYHS

It is known that tornadoes are closely associated w#ith severe
thunderstorms (Davies-Jones and Kessler, 1974). Our observations
indicate that waves are observed 2 hours aheai of the touchdown of
the tornadoes. These results are apparently similar to the conclu -
sion drawnby Uccellini (1975) that acoustic-gravity waves are a
precurso” to thunderstorms.

Receut studies (Smith and Hung, 1975; Praznd et al.,1975; Jones
and Georges, 1576) reveal that quasisinusoidal oscillations, with
twe harmon..s of wave periode, 3to5 minutes and 6 to 9 minates,
are obsarved when severe thunderstorms with tops (radar heights)
In ex:ess of about 12 Km occur within a radius of several hutdred
kilometers of the observation point. Duvring tornado activity,
another two harmonics of wave periods, 13 to 15 minutes and 27 to 30
minutes, are observed. Since these acoustic-gravity waves are
only present when tops are above about 12 km, it is possible that
penetration of updrafts through the tropopause could be the
mechanism generating the waves. The relationship between the
dynamics of the penetration of intense convection and waves with
wave period T based on the turbulent flow model proposed by Light-
hill (1952) is givea by

13
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where h is the height of the penetration of the turrets above tne
tropopause, and u is the growth (or collapse) rate of tke turrets.
Recently, Shenk (1974) made extensive observations of strong con-
vective cells from geosynchronous satellite and airplane photo-
graphs. By using the data observed by Shenk (1974) and Equation
(1), wave periods of acoustic-gravity waves which could have been
generated by the observed growth and collapse nf convective

turrets are:

Height of Vertical Possible
Turret (Km) | Growth Rate | Wave Period
(m/sec) (Min)
0000 UT
[May 13, 1972 2.26 11.4 3.3
Average (based on
21 cases) 1.4 4 6
Data Based on Freq.
ljof Occurrance 0.9 4 3.75
Data Based on Freq.
of Occurrance 0.6 3 3.3 _
2%
AV opb
’\Q.XG\' -%Q.
0900
14 of
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The computed possible wave periods are in exact agreement
with the wave periods of *he acoustic~gravity waves observed by
the Dopp'er sounder array.

DISCUSSION

Results indicate that severe storm systems are responsible
for the excitation of acoustic-gravity waves with some particular
ranges of wave periods and phase velocities which can be detected
at F-region ionospheric heights. It is suggested in this study that
the overshooting and ensuing collapse of the convective turretc may
be directly responsible for the generation of these acoustic~gravity
waves and, therefore, the analysis of Doppler sounder observations
of acoustic-gravity waves together with the study of the growth and
collapse of convective overshooting turrets from satellite photo-
graphs can contribute greatly to the understanding of the 1life cycle
of severe storms. Themore than 2 hours lead time for the excitation
of acoustic-gravity waves associated with tornadic storms may be
utilized to develop tornado warning systems.
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MF.SOANALYSIS OF RECOR' CHICAGC RAINSTCn USING RADAR,

SATELLITE, AND RAIN-GAGE DATA

T. Theodore Fujita, The Universit; of Chicago, Chicago, Ilinois

ABS LRACT

Compurison of cloud-top topography and rainfall rates at the
surface revealed that the areas of heavy rain are locatzd
where there are depressions at the anvil top, Ii was also
found that the Z-R relationsl'ips show a large scatter when
vertical and/or horizontal air currents arc strong. Results
of this research led to Project NIMROD prcposed to begin in

May 1978,

1. IN"RODUCTION

Or. June 13, 1976 the Chicago area was hit by an F 4 tornado
tollowed by an up to 7-inch rainfall which paralyzed the entire city for

hours,

Lg s 108 %00

Figure 1. Isohyets of pre-
cipitation in inches during
the 5-hour period vetween
2030Z and 01302, June 13-14
1976, Stranded motorists
who escaped from flooded
expressways met street gangs
who stoned or stopped their
cars. One driver with his
famiiy in the car was shot
to death,

Since the Rapid City flood, the Big Thompson flash flood in 1976
killed 139 people and more recently, a dam burst in Georgia killed over
40 persons, It is extremely important to develop techniques of pre-
cipitation estimates based on satellite data as well as radar data in
order to protect people who live in canyons, below dams, and in

large cities,
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2. RAINFALL RATES AND CLOUD-TOP FEATURES

Cloud photography from a Lear Jet conducted during past years
has revealed that the tops of thunderstorms cvershoodng inio the
lowermost stratosphere undergo overshooting-collapsing cycles.

r

a \‘( B . ’ ’
> ” N Figure 2, Isohyets super—
.- ‘- . imposed upon three SMS
. ) . ’ " pictures at 2230, 2330 and
0030 GMT on June 13-14, 1976,
Isohyets are C, i, 25 ««»
...inches per hour. It is
seen that the areas of .rain
are much smaller than those
of anvil areas., Further-
more, hewvy rain is occur-

s " ring: often beneath derces-
. : . sions charmoteriges by dark
—lii .~ Shadows.
» ! .
N
V. -
o '\&:// -
4 . T
; o CitiGuvAL PAGE IS
‘ . OF POOR QUALITY

3. VERTICAL MOTIONS AND Z-R RELATIONSHIPS

1n an attempt to estimate the effects of vertical motions of air in
whicli raindrops fall, an analytic function in Figure 3 was used. Then

- r

- -4

\

o 1

I | Figure 3. An analytic function
4 T moncrs | of terminal velocity of various
| N o 94501 =2~ 307) { sized rain drops. This function
4 Vomm, Dom { was comblned with Marshall-Falmer
1 { type drop size distribution to

t——t————4—+—+=— obtain Figure 4,
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ot T Figure 4. Varlation of Z-R
Vartical Veiocities / relaticnships as a function of
f vertical velocities, No rain-
drops reach the ground when
updraft exceeds 9,45 m/sec, the
largest terminal velocity. Down-
draft increases rainfall rate,
but its effect above 10 m/sec
is relatively small.

CRICINAL PAGT I8
OF FOOR QUALITY

the Z-R relationships in Figure 4 were computed.
4, LARGE SCATTER OF Z-R
Scatter of Z-R was found tu be extremely large. Data points

were divided intc those with hail and without hail. But the scatter
remained practically unchanged,

e ey

r — — o | 1
i Tats FONTS i
WITHOUT HAIL H

T, | DATA POINTS
' i ALL DATA PONTS Lo Lt Wi Tr HA

[

Figure 5., Z-Gain Step relationship with large scatter,

5. EFFECTS OF HORIZONTAL MOTION

Data points in Jigure 2 away from the mean curve toward the
left cannot be explained by introducing the downdraft in Figure 4. To
overcome this difficulty, it was assumed that raindrops are carried by
horizontal winds from high to low reflectivity region of echoes,

19
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Figure /. Vertical
velocities at 00252
June 13, 1976. The
region of large hori-
zontal flow exiends
from Midway Airport
toward Argonne

// /

Liomfu we

Figure 6, Vertical
velocities at 23302
Jone 13, 1976 esti-
maced from Z-R rela-
tionships in Fig. 4.
Velocities are in
m/sec. When esti-
mated downdraft
exceeded 10 m/sec,
horizontal motions

were added.

National Laboratory.

Precipitation maps were analyzed at 5-min intervais between 2100 Z
through 0100 Z, June 13-14, 1976. Examples at 2330 and 0025 Z are

presented in Figures 6 and 7.

STRONG OUTFLOWS rm_‘\
June 13, 1976
' oo'mant &, LAKE

we
I nanwagrl MIGHIGAN

AREA OF DAMAGE SURVEY
-~ ™
LR
— \\:

F———.

20

Figure 8. Areas of two
strong outflows "A" and
"B mapped by an aerial
survey on June 14.

"A" occuvred at the
time of Figure 6 and
"B", that of Figure 7.
Trees were uprooted or
pushed over by diver-
ging winds up to 80 mph
from easterly direct-
ion.
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Analysis of the Chicago rainstorm led to a conclusion that an
observational network to combine satellite, radar, aircraft, balloon,
and surface data are required for furtl:er understanding of rain and

downburst thunderstorms, The NIMROD network shown below is now
being established,

NIMROD NETWORK

As of Nov 1977
T

@ 0oPPLER RADAR >

@ NON-DOPPLERRADAR |2
O PAM STATION
+ WIND TOWER
+ RAIN GAGE

. (:b LAKE

MICHIGAN
. a . oa{\; . CO.
o N

. 2 b .
4omesoen ®
@nvs o o
o Q o2
&un 2!«
& b Sia
32
8 D @ sauouooc i
' ’“.‘n < 0 Q H '1
. i - oo el
[ S " 1 " 20 § Mt
4§ o = w© 2 30 Riometers

Figure 9, NIMROD (_Iiorthern Illinois Meteorological Research On
Downburst) NETWORK to be operated in May and June, 1978, The
network was designed by Fujita and Srivastava assisted by NCAR.
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SEVERE STORMS AND THEIR INTERACTION WITH THE ENVIRONMENT
James R. Scoggins, Texas A&M University, College Station, Texas

ABSTRACT

A brief description is given of significant research accom-
plishments and of planned research on atmospheric varjability and
the interactior of severe storms with their environment using AVE
data. Use of the results for the assessment of satellite capa-
bilities are described briefly.

INTRODUCTION: Meteorological systems whose scales are smallex
than synoptic are not well understood, yet they are responsible
for much of the observed weather including thunderstorms, torna-
does, showers, flcods, and numerous other weather elements or. a
local or regional scale. Before these systems can be predicted
they must not only be understood but their relationship with the
larger scale atmospheric systems must be understood also. With
thte usual synoptic-scale data these relationships must be inferred
to a large degree rather than determined from the analysis of
data. Improvements in both the temporal and spatial resolutions
of measurements are required in order to determine the interaction
between severe storms and their environment. The atmospheric
variability experiments conducted by NASA have improved the
temporal resolution and have contributed greatly to the knowledge
of environmental processes in the vicinity of severe storms.

There have been a total of six atmospheric variability experi-
ments (AVE) and two atmospheric variability and severe storm ex-
veriments (AVSSE) conducted (Hill and Turner, 1977). All of

these experiments, except the first were conducted since May
1974. These experiments consist of rawinsonde soundings made at
3- and 6-h intervals during periods ranging from one to four days.
A wide variety of atmospheric conditions existed during these ex-~
periments, although severe storms was the central focus and ex-
tensive convective activity was present in all but one experiment
which was conducted in February for comparison with .aon-convective
conditions,

DATA PROCESSING: Extreme care was taken in the processing of the
AVE soundings. They were checked for errors at several stages
during the data reduction process by computer programs prepared
for that purpose. Azimuth and elevation angle data were obtained
at 30-sec intervals and ordinate data for every pressure contact.
This gives the maximum resolution possible for the thermodynamic
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data and provides more accurate wind data than provided by sound-
ings processed in the usual manner (Fuelberg, 1974), The data
are processed for each pressure curtact and at 25-mb intervals
from the surface to 25 mb. These du-a were put on magnetic tapes
and data reports prepared which contain the 25-mb data (Scojgins
and Smith, 1973 a and b; Scoggins and Turner, 1975; Fuelberg and
Turner, 1975; Fucik and Turnex, 1976 a, b ar . ¢; Humwert and
Hill, 1977).

GRADIENTS: Horizontal gradients of geopotenticl height, tempera-
ture, wind speed, and mixing ratio were computed on selected
constant-pressure surfaces ranging from 850 to 200 .b for AVE II
and AVE 1V (McCown and Scoggins, 1977). The objective o) this
study was to determine the distribution of gradients i- convective
and nonconvective areas and how these gradients differe” between
areas. Gradients were determined by computer from gridd=1 fields
of the AVE data, counvective storm areas determined from ma..cally
digitized radar Gata provided by the National Weathex .exvaice,
and various statistics of che gradients comprteld for convective
and nonconvective rejyions. The results show large variability

in the gradient patterns over periols of three hours; that fre-
quency distributions of the gradients for the two AVEs analyzed,
as well as over convective and nonconvective areas; ‘ere similar
in shape but not necessarily in magnitude; that the largest
mixing ratio gradients occur near convective areas although in
general no particular gradient pattern or combination of patterns
appear to be related to air mass severe storms; and that typical
gradient patterns and trends are associated with squall lines.

VORTICITY AND STABILITY IN RELATION TO CONVECTIVE ACTIVITY: This
was a study designed to investigate the synoptic-scale kinematic
and thermodynamic properties of the atmosphere preceding and
accompanying severe thunderstorms (Read and Scoggins, 1977). The
complete vorticity equation was evaluated, convective instability
determined; and time changes in these parameters investigated in
relation to the occurrcuce of thunderstorms. All computations
were performed from AVE IV gridded data. t was found that the
development of circvlation systems determined from the vorticity
budget was related to the formation of severe thunderstorms; low
level production of vorticity exists in areas of thunderstorm
development six hours prior to initial formation; low level vor-
ticity production is large prior to and during initial develop-
ment of thunderstorms then decreases as convective systems inter-
act with the low-level synoptic scale wind field; synoptic-scale
production of vorticity was associated with severe storm regions;
convective instability was observed in areas wher¢ thunderstorms
developed; and, changes in circulation systems and instability
sufficient to produce severe storms occur on a time scale con-
siderably less than 12 h.

ENERGY TRANSFORMATIONS: 8ynoptic~scale budgets of kinetic and
total potential energy for the AVE 1V period were determined
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for regions enclosing intense storms (Fuelberg, 1976; Fuelberg

and Scoggins, 1977). All computations were performed objectively
from gridded fields of the AVE data. Volumes enclosing severe
thunderstorms were found to have large values of cross contour
conversion of potential to kinetic energy and large horizontal
export of kinetic energy. Transfer of kinetic energy from grid

to subgrid scales of motion occurre. in the volumes and latent
heat release was large in the middle and upper troposphere. Total
potential energy wes found to ke imported horizontally in the
lower half of +he atmosphere, transported aloft, and then exported
horizontally. Local changes of kinetic and total potential energy
were observed to be small although the interc:-tion between the
volumes enclosing severe storms and the surrounding atmosphere

was quite large as indicated by boundary fluxes.

MOISTURE BUDGET: The cbjective of this study (Scott and Scoggins,
1977) was to examine the moisture budget in areas of severe
storms to determine the energy source for the storms and how the
ambient moisture conditions related to severe storm areas. The
moisture balance was evaluated objectively from gridded data dur-
ing the AVE IV period. It was found that: the net horizontal and
vertical boundary fluxes accounted for mos* (  the moisture that
was concentrated in convective regions, ara that the largest
values of moisture accumulations were located slightly downwind
of the most intense storms, The best relationship between
synoptic-scale moisture processes and severe storms occurred when
the moisture processes preceded the severe storms by a period of
3 h. This suggests that a redistribution of moisture in space
may be required well in advance of severe storms and that it may
be possible to detect these processes. The residual of moisture
which reprecents all sources and sinks of moisture in the budget
equation was largely accounted for by precipitation.

SHORT-PERIOD FORECASTING: A method was developed for forecasting
thunderstorms over periods of 2-6 h (Zak, 1977;. Tre forecast-
inc metiiod was developed by use of screening regrecsion techniques.
More than 60 variables were considered 'n the analysis with 17
surviving as significant predictors., Of these only four were
found to be highly significant in all cases. Tnese variables are
surface mixing ratio, occurrence of precipication during the
morning, moisture convergence, and a stability measure. When
applied to independent data, the forecasting model accounted for
a relatively lar ,e fraction of the total variance, the amount
depending upon the number of variables used. <The study demon-
strated that the method can be used with routinely availabie
synoptic-scale data.

TRAJECTORY ANALYSIS: This study (Wilson, 1977) considers rela-
tionships between convective storms and their environment in

AVE IV determined from three-dimensional air trajectories. Net
vertical displacements of air parcels and spatial fields of buoy-
ant energy were found to be highly correlated with convectiv:
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activity. By combiining the net vertical displacements with buoy-
ant energy using multiple linear regression, it was found that
convective activity of various intensities can be spatially
determined. Convective and nonconvective areas can be delineated
with about 30% accuracy which demonstrates a high degree of scale
interaction between synoptic- and convective-scale systems.

INFLJENCE OF CLOUDS ON THE R=TR1EVAL OF TEMPERATURE PROFILES FROM
SATEVLLITE RADIANCE DATA: A single field-of-vies method for re-
trieving tropospheric temperature profiles from cloud-contaminuated
radiance data was developed (Hodges 1976). The radiative trans-
fer equatior was applied to a partly cloudy atmosphere with the
use of observed shelter temperature and estimated cloud top
heights. The resultcs show that the single field-of-view method
improves the accuracy of the guess profiles when the retrieval
process includes cloud information. The method shows an improve-
ment in the guess temperature profile under cloud layers. Also,
it potentially can provide useful data for mesometeorological
research in the form of accurate relative temperature profiles
over a iclatively small horizontal area. However, the absolute
accuracy of the retrieved profile is a function of the a priori
knowledge of the state of the atmosphere. The method can be

used to estimate average tops of a thick overcast layer when there
are no thick clouds present above the overcast layer. It was
found that observed cloud parameters do not possess sufficient
precision for use directly in the retrieval process.

FUTURE PLANS: It is not possible to capture all aspects of the
atmospnere and the complicated interactions with severe s+orms
in a few experiments, each of which covers a limited period of
time. Additional experiments are needed coverinjy a wide range
of synoptic-scale conditions. One additioncl ¢ xperiment is
planned for the spring of 1978, and it is hoped that additional
experiments can be conducted in the tuture so we can better
understand severe storm processes.

Analyses of the types briefly described above will continue
in the immediate future with the analysis being extended *o en-
compass an investigation of the information content in 3- versus
12-h rawinsonde data, the development of conditions that lead to
severe storms, and an extension of the trajeciory analysis. Trhese
research efforts continue to be aimed at a better understanding
of severe convective storms and the applicability of space tech-
nology, especially satellite measurements, to improving this
understanding.

CONCLUDING REMARKS: Results from the analysis of the AVE data

nnt only continue to provide a better understanding of the inter-

action between severe storms and their environment, but also a

basis for an assessment of satellite capabilities and potential.

Part of the ongoing research is to determine the characteristics

of such parameters as vorticity, advection of temperature, thick- ,
ness, and other parameters, and gradients of various parameters.
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The results will also be used as the hasis for establishing the
optimum distance between satellite sounding points and times,

and from these analyses what improvements are needed in satellite
data so that the above parameters may be evaluated with accuracies
now possible with rawinsonde data. Initial results are available
(Arnnld, et al., 1976) and additional results, ~nade possible by
the AVE data, are expected to be available in 1978,
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A REAL .TIME SUBSYNOPTIC, MESO, AND MICROSCALE SEVERE
STORM FORECAST SYSTEM

M. L. Kaplan, The George Washington University, Langl y Research Center,
Hampton, Virginia

ABSTRACT

A system of differential equations is integrated numerically
in space and time over several different matrices in an effort to
simulate the atmospheric wave structures which organize severe
local sturms. Preliminary results with case studies indicate that
dynamical fields produced by the numerical simulations can be
translated into very fine scale space and time zones where severe
storm forecast indices can be developed. These fine scale indi-~
ces are now availabtle in real-time when run on Langley's STAR 100
computar system.

INTRODUCTION

Presently, operational severe storm forecastirg done ty the
National Weather Service and the US Air For-z, involve explicit
time integration of the equations of atmospheric motion at only
the largest or syncptic scales. Typically, these synoptic scale
regults are then vefined by using them in statistical models or
empiricel indices. This further incres=ses their effectiveness for
synoptic scale periods in time and areas in space in the fore-
casting of preferred zones of severe weather development. Thus
with only the explicit s‘mulation of large scale motions to guide
them, enhanced refinement of the chort period motions which or-
ganize severe local storm systems is only possible by radar, sat-
ellite, and surface reporting stations, i.e., NOW casting. huv-
ever, these sources give forecasters very littie local lead time
in disseminating severe storm warnings. The system to be describ~
ed in this paper differs from the aforementioned one .ecauee it is
designed to explicitly simulate the short period instabilities at
the subsynoptic, meso, and microscales which explicitly organize
the severe thunderstorm itself. By so doing, i+ is anticipated
that, the lead time given forecasters for the position, time and
intensity of severe convective storm developz:nt can be increased
from minutes to hours.

Numerical Models -~ The numerical model now utilized for the simu-~

lation of the subsynoptic, meso, and submesoscale motions is a
hydrostatic, incompressible, adiabatic primitive equation system.
The differential equations which are integrated in space and time
are conservation equations for mixing ratio, potential temperature,
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u and v velocity components and low level pressure. Typical dia+
gnostic relationships among pressure, specific volume, potential
temperature and mixing ratio are employed to maintain hydrostatic
eq.ilibrium. The continuity equation is integra-ed vertically to
get the vertical velocity. The numerical space diilereucing is
fourth~order and tke time-marching scheme is the Euler forward-
backwcord techriique. Spatial diffusion is simulated with a space
smoother-desmoother. There ace 12 vertical levels in a z verti-
cal coordinate system. The x and y-space mesh lengths are. for
the subsynoptic, meso, and submesoscales, respectively, 38.1,
19.05 and 9.025 km (1/10, 1/20 and 1/40 times the National Weather
Service coarse mesh of 381.0 km) for a 60 x 48 x.y-space matrix of
grid points. A second numerical model was developed for the simu-
lation of explicit convective and subconvective scale motions.
This model is an 18-level nonbvdrostatic compressible primitive
equation system. It 1s presently not vtilized in the real-time
system because of computer time limitations. When it is imple-
mented in the future, it will be run with an x,y,z-space mesh
length of 1 km and less.

Data Acquisition, Nes:ing Procedures, and Forecastiny Procedures -

The fundamental flow of information on any given for:cast day
starts with the National Weather Service's limited f!ne mesh ana-
lysis data base. This data is regularly sent to the Bureau of Re-
clamation data base in Denver, Colorado and is valid at 1200
Greenwich mean time. A program is executed daily fron Langley
which selects a "window" of this data, based upon its synoptiscale
potential for severe storm generation. Thz window is relocatable
to anywhere in the continental US and covers an area of approxi-
mately 2400 x 2000 km. The data is availa.le at 1440 Greenwich
mean time. Once this select window of informaticon is szant to
Langley it is reduced and interpolated and serves as the initial
state for a l6~hour forecast performed at the 38.1 km grid mesh
length. During the course of this forecast, at 30 minute inter-
vals, a sophisticated dynamical index is evaluated which indicates
areas of intensifying subsynoptic scale hydrodynamical instabili-
ties. If the index reaches a preset threshold value, the coordi-
nates of this developing feature will serve as the center poi.nt of
a reduced scalic and reduced time period forecast window. It
should be noted that the threshold can snly be achieved if the
column's vertical temperature and moisture variations indicate
conditional instability. A maximum of two windows withln the 16-
hour forecast window may be selected. Eacn cf these windows is
approximately 1200 x 1000 km in dimension. For eacih window, 3-
hour forecasts are made i{rcom each interpolated data base which was
"frozen" at the time and space of the aforementioned hydrodynami-
cal iactahility amplification. This same downward extrapolation
concept 1s employed for each 3-hour forecast performed at the
19.05 km grid mesh leugth. Thus 4 windows are then made available
for the 9.025 km scale by evaluasting the 19.05 km forecasts at 15
minute intervals and saving 2 maximum values each from 2 different
forecasts. Each of the 4 (9.025) km mesh length windows of 60 x 48
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X,y~-space points is integrated for approximately 32 minutes of

real-time and evaluated for maximum index threshold values at 4

miaate intervals. Thus we have a sequence of instability setting

up instability which leads to the preferred positioning in cpace -
>f very finescale severe weather potential zones, It takes ap-

proximately 30 minutes of real-time to make all of these forecasts

making the final "product” available typically by data time + 4

hours or approsimately 1600 Greenwich mean tine.

Omaha Tornado Case Study - On May 6, 1975, a major tornado out-
break occurred in =2astern Nebraska, southeastern South Dakota and
southwestern Ivwa. The most damage cccurred in Omaha, Nebraska.
This case will be examined in terms of the multiscale forecast in-
dex and the potential guidance it coula render in the real-time
forecast environment. Figures la-lc are representative orf what
nay ve termed foreccst clusters. Each triangle, rectangle, or
square on any one of these 3 figures is representative of a clus-
ter of maximum values of the forecast index. Each cluster is also
indicative of a series of maximum values in time. Thus, a cluster
is made up  f more than 1 maximum value of the forecast ind>x
which are in proximity in space and sequence in time.

On the morning of May 6, 1975, a major storm system was cen-
rered over southwestern South Dakota. Pivoting about this synop-
tic-scale vortex were more than 1 well-organizea trough systems
extending from the lower through the middle truposphere. As the
synopticscal: trovgh moved along the southern side of the large
vortex the potential for developing smaller scale hydrodynamical
instabilities Inc.reased dramatically. Coupled with the emerging
imbalance of forces, was a well-organized zone of significant lc-/-
level moisture spreading northwestwards from the Gulf of Mexico to
nor thecastern South Dakota insuring a large region of potential or
conditional instab.lity.

If one observes figures la-lc, it 18 evident that as the
scale of each model is reduced there is a refining in 4ppce and
time of the zone of predicted high index jotentisl. Figure la,
for the 1/10 scale index, indicates 2 dominant areas of high poten~-
tial, namely east central and northeastern Nebraska as well as
south central and southwestern Missouri. Since most of tle very
severe activity sccurs in the northern region we will concentrate
on it. Ncie that the clusters in fi, .e la numbered 1-3 are num-
bered sequeatially in time indicating that during the early to mid-
dle forecast period, i.e. 3-9 hours, the most intense growth of the
subsynopticscale hydrodynamical instability is in aastern Nebraska.
However, this area is still large when cowpared to the narrxow zone
of activity fadicated in figure 2. A further refining of the in-
dex may be seen, however, in figure 1b where the first nested win-
dow is automatically initialized from a threshold-exceeding index
value and run between 1800 and 2100 Greenwich mean time, or 6-9
hours relative to the initial *time of the 1/10 scale model. This
1/20 scale northern window forecast indicates that the maximum
growth of the hydrodynawical instability is clustered aluvng a lize
from the Iowa, Nebraska, and South Dakota borders southeastwurds
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to uear the Nebraska, Misscuri, and Iowa border~ which is consis-
tent with the bulk of the tornadic activity, as designated in fig-
ure 2. During the period from 2000 to 2100 G.M.W., activity in
the form of tornadic windstorms develop and spread southeastwards
from Yar*toa, South Dakota to southwest of Omaha, Nebraska. If
one extrapclates this concept to tigure lc one will note 4 windows
initialized from the two 1,/.:0C mesh forecasts. The time periods
between maximum index value calculation have been reduced from 30
mirutes at 1/10 scale to 15 minutes and 4 minutes for 1/20 and 1/40
scale reflecting the enhanced sensitivity of the index as space
and ¢ime scales are reduced. As far as “e northern area is con-
cerned, the 1/40 scale index reflects a gereral concentrated maxi-
mum of clusters between Omaha and Norfolk, Nebraska and Sioux City,
Iowa. While many of the largest and most devastating tornadoes
were in proximity to this region., the 1/40 scale index appeaicd to
be somewhat too early in timing the outbreak. This may possibly
be due to the inability to simulate with this syatem of equations
explicit convective scale motions. One will note, however, that
when the northern portion of the index clusters at the 1/40 scale
arc encircled and compared with the activity, i.e., tornado, se-
vere tiunderstorm, and hail reporte, there is good mesoscale ag-
reement with 23 of 28 reports between 170C and 2300 G.M.T. within
the encircied forecast index zone. The timing of the activity
probably could be greatly improved by explicit simulations of con-
vective scale motions. It should also be pointed out that activi-
ty does intencify later, as is inferred from figures la-lc, in the
evening mostly after 6000 G.M.T. May 7, in southwestern Missouri
and northwestarn Arkansas. The tornado and damaging wind reports
ere less numerous in this area.

Summary and Conclusions

A real-time subsynoptic, meso, and submesoscale numerical
modeling system is now being tested at the Langley Research Cen-
ter. It 1is anticipa.ed that this system will be improved to the
point vhere significant increases in the forecasting in the ampli-
tude and spatial-temporal evaluation cf severe local storm sys-
t-ms will be possible over present-day systems. The most signi-
ficant aspect of forecast products available from this system may
be the increased lead-time it will give to the people responsible
for waking severe local storm forecasts.
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{a) 1/10 scale.

(b) 1/20 scale.

Figure 1.~ Forecast index clusters for various length scales.

(c) 1/40 scale.

Figure 1l.- Concluded.

Figure 2.- Observed northern
activity versus 1/40 scale
forecast index clusters.
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LATENT HEAT CALCULATIONS AND THEIR RELATIONSHIP TO
TROPICAL CYCLONE INTENSITY

Robert F. Adler, Edward B. Rodgers, NASA/Goddard Space Flight Center,
Greenbelt, Maryland 20771

ABSTRACT

Data from the Nimbus-5 Electrically Scanning Microwave
Radiometer (ESMR) have been used to calculate total storm
latent heat release (LHR) and other precipitation parameters
for over 100 satellite observations of Pacific Ocean tropical
cyclones. The data have shown to be useful in determining
the rainfall characteristics of these storms and appear to be
potentially useful in the monitoring of them.

1. INTRODUCTION

The estimation of precipitation and latent heat release (LHR) in
tropical cyclones is important for understanding the dynamics and ener-
getics of such systems, for the development of techniques useful in tropi-
cal analysis and forecasting, and for possible initialization of tropical
cyclone numerical models.

‘This paper presents results from the calculation of the magnitude
and distribution of rainfall using data from the Nimbus-5 Electrically
Scanning Microwave Radiometer (ESMR) for one Western Pacific tropical
cyclone and gives a summery of results for the approximately 100 satel-
lite observations of Eastern and Western Pacific storms in various
stages of development. All observations were for cyclones that reached
hurricane or typhoon intensity during their lifetimes.

2. DESCRIPTION OF DATA AND METHOD

The Nimbus-5 ESMR is a passive microwave instrument measur-
ing emi Hed radiation in the 19.35 GHz (1.55 cm) region with a resolution
of 25 km at nadir. The instrument is described by Wilheit (1972), and
the physical basis for rain estimations over water is detailed by Wilheit
(1977). Over water radiation emitted by the earth and atmosphere (ex-
pressed as brightness temperature Tg) is ail¢cted primarily by the state
of the sea surface, and by atmospheric water vapor and atmospheric
liquid water. Liquid water, in the form of drops of the size associated
with rain, is the dominating factor in the variation of T, over water.
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After a small adjustment to the ESMR Ty as described by Adler and
Rodgers (1977), rainfall rate for each data point can be determined
through a rainfall rate-Ty relation derived empirically from calibrated
radar data and adjusted thecretically to 5 km tropical cyclone freezing
level height (Wilheit et al. 1977).

3. CASE STUDY RESULTS

The one Western Pacific tropical cyclone that will be presented
in this paper is Irma (November, 1974). Figure 1 dispiays the storms
LHR as a function of time for circular areas whose radius is 2° and 4°
latitude from the storm center. Also displayed is the fraction of precipi-
tation contributed by rainfall rates greater than 5 mmh~*, hereafter
called the precipitation intensity parameter (PIP) (the number in paran-
theses). The maximum surface wind and estimated central surface
pressure is also displayed in the figure.

From November 17 to November 21, before the system intensi-
fied, the storm LHR (<2 x 10!* W) and PIP are small. The observation
on November 21 shows what can be interpreted as evidence of intensifi-
cation. The storm's LHR on the 21st has more than doubled from the
two previous satellite passes. In addition, the PIP magnitude is 0.27,
much larger than the earlier values.

The next available ESMR observation of Irma is on the 23 Novem-
ber, when the storm is about to reach typhoon intensity. The LHR within
4° latitude of the center increases to 6.5 x 10'* W while the PIP rises
only slightly. Over the next two days the storm intensity continues to
increase as does the LHR (maximum of 7.9 x 10'* W) and the 2IP (maxi-
mum .55). The LHR for the area whose radius is 2° latitude from the
center increases more rapidly indicating a concentration of rainfall
towards the center.

Before Irma hit land (27 November) the satellite derived precipi-
tation parameters indicate little further intensification. This is con-
sistent with the independent in situ measurements.

4. RESULTS FOR WESTERN PACIFIC STORMS

In order to obtain a better understanding of the relation of storm
intensity to ESMR derived precipitation parameters, the Western Pacific
tropical cyclones were examined. To eliminate storms which had re-
curved or crossed the Philippine Islands, only the tropical cyclones
located south of 25°N and east of 125°E were used.

The scatter diagram between LHR and storm iatensity is shown
in Figure 2. This diagram indicates a positive correlaticn between
storm LHR over a circular area of radius 4° latitude and storm intensity.
The median LHR for disturbances and depressions (<17 ms-!) is 1.1 x
10} W, for storms (18 to 32 ms-!) is 4.7 x 10!* W, and for typhoons
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(33-65 ms") is 6.6 x 10'* W. These values are comparable to other
estimates of LIIR measurements (Adler and Rodgers, 1977).

The fraction of LHK within 2° latitude was examined next. A weak
positive correlation is found beiween the increase LHR and storm in-
tensity for tropical cyclones above disturbance stage. Most tropical
depressions, storms, and weak typhoons have from 0.4 to 0.6 of their
LHR within 2° latitude of the center. The more intense typhoons show a
value of approximately 0.7. Thus, among the more organized tropical
cyclones examined, there is a general indication of the concentration of
rainfall towards the storm center with increasing intensity.

A weak positive correlation is also found between storm intensity
and the precipitation intensity parameter (PIP). The mean PIP for weak
tropical cyclones (<25 ms-!) is .12, for storms and weak typhoons (25 to
45 ms~') is .34, and for intense typhoons (>45 ms~!) is .47. Thus, as
the tropical cyclone intensifies so does the rainfall intensity.

The azmuthal distribution of rainfall is also examined for tropi-
cal storms and typhoons. The rainfall distribution is rotated to a com~
mon axis based on the storm motion. The results indicate a slight
preference for higher rainfall rates in the right half of the storm.

Frank (1977) indicates a slight preference for the right-rear quadrant
based on co apositing conventional measurements.

5. COMPARISON OF WESTERN PACIFIC TYPHOONS
AND EASTERN PACIFIC HURRICANES

Analysis of the ESMR-5 derived rainfall-rate estimates reveals
that there are significant differences between tropical cyclones in eastern
and western portions of the Pacific Ocean. The comparison of results
for hurricanes and typhoon stage cyclones are shown in Table 1. A large
disparity is seen in table for LHR between mature systems in the
Western and Eastern Pacific. The numbers in the parantheses are the
sample size. There are a greater number of observations at 2° latitude

Table 1 Mean rainfall-rate characteristics of Western Pacific typhoons
and Eastern Pacific hurricanes.

Wester. Pacific Eastern Pacific

Typhoons Hurricanes
LHR (2° latitude) 2.7 x 10" W (34) 1.3 x 10" w (11)
LHR (4° latitude) 5.0 x 10* W (20) 1.6 x 10'* w (11)
Fraction of LHR 0.54 0.81
(2° latitude from center)
PIP 0.38 (20) 0.25 (11)
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for Western Pacific storm because of land contamination in the outer
portions of some observations.

The LHR values for the Eastern Pacific hurricanes may be some-
what underestimated relative to the Western Pacific tvphoons. This is
because a freezing level height of 5 kma is assumed ir both cases and
there appears to be a slight difference in the climatological freezing
level, with the freezing level being lower in Eastern Pacific. However,
the potential error due to this factor is small relative to the large
difference noied in the table.

The fraction of LHR contained within the inner 2° latitude is
calculated for a "mean" storm by simply computing the ratio 2° latitude
LHR and the 4° latitude LHR in the table. The hurricanes of the Eastern
Pac'fic are obviously, in the mean, more compact than their western
counterparts. The PIP calculation shows that the Eastern Pacific storms
have a smaller contribution from the heavier rain rates.

Thus, the results from this comparison indicate that the Eastern
Pacific hurricanes have less LHR, less intense rainfall rates and rain-
fall more concentrated toward the center than do the Western Pacific
typhoons. The reason for these differences are not clear, although the
less favorable environmental conditions (less available moisture and
cooler sea surface temperature) prevalent in the Eastern Pacific outside
the Intertropical Convergence Zone (ITCZ) are probably producing a
different type of tropical cyclone.

6. SUMMARY

The case study as well as the sub-sample of Western Pacific
tropical cyclones indicate that the ESMR derived LHR and PIP increase
with storm intensification and there is a tendency for rainfall to concen-
trate closer towards the center as the storm intensifies. ESMR derived
rainfall rate also indicated in the mean heavier precipitation rates in the
right half of the storm.

A comparison of Eastern Pacific hurricanes and Western Pacific
typhoons shows that the Eastern Pacific storms have less LHR, have less
intense rainfall rates, and have rainfall more concentrated towards the
center. The difference in storm LHR is striking, with the Eastern
Pacific storms having a mean value less than one half that of Western
Pacific storms.
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CLOUD TEMPERATURES AND PREDICTION OF HURRICANE INTENSITY

R. Cecil Gentry and Joseph Steranka, General Electric Space Division,
Balsville, Maryland
Edward Rodgers and William E. Shenk, Goddard Space Flight Center,
Greenbelt, Maryiand

ABSTRACT

Equivalent black bcdy temoeratures of clouds around tropical cy-
clones are used in a statistical technique to forecast changes in
maximum winds for 24 hours in advance.

INTRODUCTION

Hurricane caused damages in the United States average over
$600 million per year, and 'hzse damages vary exponentially with
the maximum wind speeds. Historical surveys suggest that the
damage varies with a power of the wind speed which is greater than
3. %Howard, et al 1972). This relationship emphasizes the impor-
t?nce of observing and forecasting the intensity of a tronical cy-
clone.

Reductions in aircraft reconnaissaince of tropical cyclones in
recent years to economize have motivated expanded efforts tn use
satellite data to observe and predict tropica’ cyclones. Results
have been encouraging and efforts increase as each new satellite
series makes improved data more readily available. The purpose
of this pape:~ is to present techniques which utilize satellite
measured temperatures to forecast tropical cycione intensity.

The hurricane is a heat engine with most of the fuel driving
its winds coming ultimately from the latent heat released by the
warm tropical air ascending in the cumulus towers prominent in the
convective cloud system of the hurricane (Dunn and Miller, 1960).
The intensity of this convection can be considered an index of the
latent heat released and possibly of the storm intensity. Dvorak
and earlier investigators (1973) have used the size of the dense
overcast surrounding the center of the storm and the degree of
organization of the spiral bands of convective clouds associated
with the storm to identify the current intensity and to estimate
the future intunsity. Both of these paramete~s are by-products
of the convection. Objective measurements of the cloud expanse
and organization might then be not only crude indices of the
organized convective activity, but also be expected to furnish
information abcut the storm intensity and expected changes. The
theoretical-numerical model experiments of Rosenthal (1977)
suggest that maximum intensity of the vertical motion or convec-
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tion shouid precede the time of maximum storm intensity by one or
two days.

THE DATA

The equivalent black body temperatures for a numoer of storms
were analyzel using the scheme illustrated in Figure 1 to get a
measure of the expanse and organization of the storm. The rings
concentric about the storm center are 111 km apart. The mean
temperature for each ring was used in this study. The hypothesis
js that the cclder the mean temperatures of the cloud tops over
a moderate sizad area, the stronger and more persistent are the
convection and maximum winds in the storm.

A test was made using 1970 Western Pacific Tropical Cyclones
to determine if the colder temperatures occurred in intenaifying
storms. In Figu-e 2 the data for 1970 storms south of 30°N are
stratified accorcing to the change of intensity during the suc-
ceeding 24 hours. The four categories are: intensifying (maxi-
mum winds increasing at least 10 knots--12 cases), weakening
(maximum winds decreasing at least 10 knots--4 cases), little
change (wind change less than 10 knots--6 cases) and tropical
storms which never intensified to the typhoon stage (5 cases).
Graphs are plotted for the last 3 categories with the mean tem-
perature for each ring plotted as the departure from the corre-
sponding mean temneriture for the itensifying storms. It is
interesting that the greater the rate of intensification the
colder the mean temperatures in all rings through 9. The inten-
sifying storms are 15-20°C colder in rings 2-4 than the storms
that never reached typhoon intensity, about 10°C colder in rings
1-8 than the weakening storms, and 4-10°C colder in rings 1-9 than
the storms changing slcwly in intensity.

Figure 3 illustrates the time-lag between the changes of
equivalent black body tenperatures of the cloud tops and the
changes of the maximum winds in two typhoons. The temperature
scale is inverted and for interpretation one might cunsider the
temperature graph as a crude index of the convective activity.
Note that the minimum temporature (or maximum of the convection
index) for Typhoon Biilie occurred more than 2 days earlier than
the maximum winds. For Typnoon Hope the wind graph maximum lags
by more than one day (missing data make it impractical to deter-
mine the exact time of the temperature minimum). These types of
data have been examined for many storms and results suggest that
changes in the maximum winds 1ag changes in the temperatures by
24 to 36 hours. This suggests the temperatures have predictive
value. It is interesting that the time lag is about the same as
the lag Rosenthal found with the model experiments.

Analyses of the data and reasoning suggest that the equiva-

lent black body temperatures will vary with at least the: trop-
jcal cyclone intensity, rate of change of storm intensity,
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latitude, month, and mean temperatures of the troposphere.
Because of these and other factors, the data used in preparing
the graphs in Figure 2 showed considerable scatter. It was nec-
essary, therefore to consider parameters othcr than the tempera-
tures when developing an objective technique. Even a cursory
examination of the data reveals, for example, that the relation-
ship betwaen temperature and future storm intensity is different
between storms that have been intensifying and those that have
been weakening. Black body temperatures are also indicators of
both the current and future intensities of the storm. These two
effects need to be separated.

FORECASTS ..o RESULTS

Two regression equations were developed using 61 cases from
1970 Western Pacific Tropical Cyclones as dependent data:

Y, = 131.2 -~ 0.54% X+ 0.436 X2

W
YS = 205.57 + 0.555X2 - 0.634)(3 - 0.534X4

where Y,, is the predicted 24-hour change in maximum winds (knots)
for sto?ms whose current maximum winds @ 65 knots, Y. is the same
for storms whose maximum winds exceed 65 knots, X1 i3 mean equiv-
alent black body temperature for area between 110°and 330 km
radii about th: storm center, X, is the change in maximum winds
(knots) of the storm during the freceding 24 hours, X, is the mean
temperature for area between 110 and 550 km radii, aﬁd X, is
current maximum wind (knots) in the storm. Results are gunnnrized
in top of Table 1. For comparison forecasts were made by 2 per-
sistence techniques which forecasters frequently use, 1.e. no
change, and persistence of preceding change for forecast period.

Similar data for independent cases taken from the 1973 and
1974 Western Pacific seasons are summarized in lower half of
Table 1. The regression forecasts have errors 14 percent smaller
than the best of the persistence techniques.

Inspection of the data reveals that small additional correc-
tions to the forecasts can be made using latitude of the storm
and season of the year as predictors, but more cases will be
needed in the developmental sample befcre further stratification
is justified. Data for other oceans are needed to determine what
adjustment should be made in the equations before the technique is
applied to storms in those oceans. At least a change in the con-
stants and possibly a change in the coefficients will be required
because of difference 1n mean sea and atmospheric temperatures
for different ocean areas.
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Jable 1
Mean Forecast Errors in Knots

Developmenta. Cases

~ Persistence
Classification N Regress. No Change of Change
Max Winds @ €5 kt.| 24 8.4 12.6 12.3
Max Winds »65 kt.| 37 9.3 16.6 11.9
A1l Storms 61 8.9 15.0 12.1 )
Indeperdent Cases

Max Winds @ 65 kt.| 26 11.1 15.5 13.0
Max Winds o» 65 kt.| 20 15.8 18.4 18.3
A1l Storms 46 13.1 16.8 15.3
CONCLUSIONS

Convincing data have been presented indicating that the

equivalent black body temperatures of clouds around tropicai cy-
clones have predictive value for forecasting the change of inten-
sity of the storm during the next 24 hours. An objective tech-
nique has been developed for mz2king such forecasts. Prelim-nary
tests with independent data indicate the technique is very compet-
itive and probably superior to other techniques.

REFERENCES

1. Dvorak, Vernon F., 1973: A technique for the analysis and
forecasting of tropical cyclione intensities from satellite
pictures. NOAA Tecnnical Memorandum NESS45, Department of
Commercz. 19pp.

2. Dunn, Gordon E. and Banner I. Miller, 1960: Atlantic
Hurricanes. Louisiana State University Press. pp 123ff.

3. Howard, Ronald A., James E. Matheson, and D. Warner North,
372: The decision to seed hurricanes. Science, 176
91-1201.

4., Rosenthal, Stanley L., 1977: Numerical simulation of tropical
cyclone development with latent heat release by the
resolvable scales. To be published in Journal of

Atmospharic Science.

-

. R



SECTOR

%
N
-
=S
J

TROPICAL STORMS

o

)
T T T

KEAKENING

rs

=S

aToC

61
- LITTLE ~
2k CHANGE W
. aF
\\_‘ 7Y OO TN WY N W UEURN W DURY NS W
\\- : ' 2 3 4 £ 6 1 8 8 10

3
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Fig. 1. Grid used in analyzing body temperatures for the three
equivalent black body tempera- types of storms indicated are
tures (T,n). Spacing between plotted as departures from cor-
ciicles ?? 111 km. responding means for intensi-

fying storms. (See text).

MEAN EQUIVALENT BLACK BODY TEMPERATURES
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Fig. 3. The mean temperatures are for rings 2-5 of Figure 1.
The dotted line indicates missing data. The graphs illustrate
lag between maximum winds and mean equivalent black budy temper-
atures (TBB).

45




}b,'

=,
| SPCT

Paper Nc. 9 N79-20584 h

OBJECTIVE TROPICAL CYCLONE ANALYSIS AND FORECASTING TECHNIQUE
USING CONVENTIONAL AND NIMBUS-5 ELECTRICALLY SCANNINGC MICRO-
WAVE RADIOMETER MEASUREMENTS

Y. E. Hunter, ADAPT Service Corporation, Rcdairg, Mass.
E. B Rodgers & W. E. Shenk, Goddard S,iace Flight Center, Greenbelt, Maryland

ABSTRACT

Thc ADAPT empiricat analysis programs, based on finding an
optimal representation of the data in the Karhunen-Loeve sense, have
been applied to 12C observations of twenty-nine 1973 and 1974
Pacific tropical cyclones. Each observation consistz of NIMBUS-5
Electrically Scanning Microwave Radiometer (ESMR) radiation
measurements at 267 grid points corering and surrounding the tropi-
cal cyclone plus nine other ncn-satellite derived descriptors. Anaiysis
and forecast algorithms to estimate storm motion and intensity have
been developed for times ranging fzom tie cbservation time up to 72
hours later. The 24 hr wind speed forecasts with an accuracy of 11.7
knscis and position forecasts with accuracies 15% better than persis-
tence have been demonstrated using independent tests.

INTRODUCTION

The release of latent heat through condens»tun and precipitation processes is
essential to the development and maintenance of tropical cyclones. With the advent
of the NIMBUS-5 Electrically Scanning Microwave Radiometer (ESMR), it has been
possible to remotely measure the distribution of rainfall rates (lateni heat release)
within tropical cyclones over oceans and to relate this rainfall rate distribution to
storm intensity (Adler and Rodgers, 1977). To more thoroughly examine this re-
lationship, an empirical analysis developed by the ADAPT corporation was made
to relate the ESMR derived tropical cyclone rainfall rate distribution to not only
storm intensity but also to storm movement. In this paper the results from the em-
pirical study will be presented.

ADAPT APPROACH

The general concept of the ADAPT approach is to take the data from the
original high dimensional data space and transform it to a lower dimensional opti-
mal analysis space. The unique approach allows the vast amount of data obtained
from satellite from satellite derived radiation maps to be compacted into a more
economical and mathematically convenient format. This is accoiaplished by ap-
plying a conventional transformation which goes under the names of: Karhunen-
Loeve, Eigen vector, or Principal Component to data and vectors constructed from
the pictures (Andrews, 1972 and Watanabe, 1965). The unique capability of the
ADAPT programs is the capability to derive this transformation for large numbers
of large data vectors. The grid used to transforin the picture to a vector extends 5
degrees north of the center of the storm, 6.5 degrees south of the center of the
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storm and 5 degrees east and west of the center of the storm. These 267 radigt.ion
points are supplemented by nine conventional measurements. All of the empmcal
data anatysis is then performed m the lower dimensional analysis space. All linear
analysis including regression and linear classification algorithm development result
in defining lines in the analysis space. The transpose of the Eigen vector matrix is
used to transform the answer or result of the empirical analysis back to the original
data space.

FORECAST ALGORITHMS

Linear data histories were constructed from the nine non-satellite derived
descriptors and 267 satellite derived ESMR radiation measurements for each ob-
servation. The resulting histories were transformed to the ADAPT optimal analysis
space and in this space more than 20 analysis and forecast algorithms were dcvelop-
ed. These algorithms included classification algorithms such as algorithms to sepa-
rate intensifying versus weakening storms and regression algorithms to forecast
properties of the storm such as future wind speed and position. In this paper, we
shall only discuss those for which the most significant results weye obtained, which
were the algorithms for forecasting future wind speed and position.

Tables 1 and 2 summarize the performance for these algorithms, respectively.
These tables list this performance for the 12, 24, 48 and 72 hour estimates. The
second column in these tables present the performance obtained using persistence
calculations based on best track information. The third and fourth columns of
these tables present the performance achieved using only the non-satellite derived
descriptors. The performance is defined by both the actual value and the percent
improvement relative to persistence. The fifth and -*xth columns give the actual
value and percent improvement relative to persistence using only the satellite de-
rived data. The seventh column was derived using the ADAPT performance map,
see Hunter, et al. (1977) and gives the expected performance using both conven-
tional and satellite data in terms of percent improvement over persistence. These
results are possible when an adequate number (200-1000) of training cases is
available to derive the algorithm. The performance of each algorithm is listed both
in terms of the average error using the algorithm and the standard deviation of the
estimate about the actual. The standard deviation of the estimated value about the
actual value is the parameter which is optimized by a regression analysis and is there-
fore a better measure of the success of the regression technique then the average
error.

ANALYSIS OF ALGORITHMS

One of the most significant results apparent from an examination of Tables 1
and 2 aie that as far as the independent test performance demonstrated one has
achieved as good a performiance using only the conventional data as one was able
to obtain using the conventional plus satellite derived information. This result is
misleading because it is based on limitations of the data set. Analysis of the algo-
rithms showed: 1) that if one had more (300-1000) training cases the satellite de-
rived measurements should significantly (as shown in Column 7) improve the results
presented in Tables 1 and 2 for the longer term forecasts and 2) that even without
additional training data the use of satellite data allows one to remove the restriction
of using best track data to achieve the results presented in these tables. The removal
of the best track data restriction is signi{icant since it allows one to make the fore-
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cost prior to obtaining the best track information.

An important ADAPT output for understanding the physics behind an algo-
rithm is the relative importance map obtained by transforming the algorithm
through the reverse of the sampling procedure and plotting its absolute values.
Figure 1 is such a plot. On this figure, those regions having values of 3 are most
important to estimating the 12 hour max wind speed, regions having no numeral
present are least important and the regions having the values of 1 an4 2 lje in be-
tween. Thus, storm intensity is related more to the configuration of the rain bands
south of the eye than to any other area.

SUMMARY

The application of the ADAPT and empirical analysis programs to observations
of tiopical storms has resulted in the development of algorithms which can signifi-
cantly improve the accuracy of wind speed and long tenn pr.sition forecasts relative
to persistence. The limited number of cases available for study, although sufficient
to allow full use of the information in the conventional data, severely restr: ted
the use oi the information in the sateliite pictures.
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Fig. 1-Im sortance of ESMR radiation to estimate the 12 hr max. wind.
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TABLE 1 — PERFORMANCE OF WIND SPEED FORECAST ALGORITHMS

PERFORMANCE
PERSISTANCE CONVENTIONAL SATELLITE PROJECTED
ALGORTIHMS ESTIMATES DEMONSTRATED
KTS KTS | X%IMPROVE | KTS | %IMPROVE |% IMPROVE
12-HR FORECAST
AVG ERROR ] 2 7 64 ]
$7D DEV 20 79 12 79 12 14
24-HR FORECAST
AVG ERROR 200 ny 41 17 “
STD DEV 20 155 < 154 ] 38
48-HR FORECAST
AVG ERROR 300 148 8 15 «
ST DEV 8.0 1828 o5 192 o4 3s
72HR FORECAST
AVG ERROR 56.0 20 4 2 4
STD DEV 760 u 68 * 67 3
TABLE 2 — PERFORMANCE OF POSITION FORECAST ALGORITHMS
PERFORMANCE
PERSISTANCE CONVENTIONAL SATELLITE
ALGORITHM ESTIMATES DEMONSTRATED | PROJECTED
N, NMi. | %iMPROVE | NM. | %IMPROVE | % IMPROVE
12-HR LAT FORECAST
AVG ERROR 25 % NONE 2 NONE
STD DEV 40 38 10 35 2 15
12-HR LONG FORECAST
AVG ERROR 28 2 NONE 26 NONE
S$TD DEV 2 38 NONE 36 NONE 5
24-HR LAT FORECAST
AVG ERROR 57 54 ] 54 3
STD DEV 8 n 14 7 14 %
24-HR LONG FORECAST
AVG ERROR a 58 8 61 3
STD DEV 93 7 1 80 14 30
48-HR LAT FORECAST
AVG ERROR 132 18 1" 121 8
STD DEV 184 157 1 156 15 %
48-HR LONG FORECAST
AVG ERROR 157 147 6 148 s
ST DEV 219 194 n 192 12 30
72-HR LAT FORECAST
AVG. ‘3R 220 174 2 185 16
STD Dbv 2 28 2 m 20 15
72-HR LONG FORECAST
AVG ERROR 275 246 1 265 4
$TD DEV 6 3% 10 3% 10 25
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PaperNo. 1 N79-20585

REMOTE SENSING OF HURRICANE WAVES
David B. King and Omar H, Shemdin, Jet Propulsion Laboratory, Pasadena, California

ABSTRACT

A program has been undertaken to obtain data on wind
generated ocean waves in hurricanes by remote sensing
techniques. The sensor, a Synthetic Aperture Radar,
has colleccted the first data ever on the directional
wave climate throughout a hurricane. This information
has been found to have inconsistencies with present
hurricane wave generation models.

INTRODUCTION

During the summer of 1976, we began a program to collect
ocean wave data in hurricanes. Our approach was one of remota
sencing with the use of a Synthetic Aperture Radar (SAR). This
new technique allowed us to collect types of hurricane wave data
that had never been done before.

Although active research to understand and model wind
generated ocean waves nas been carried out for the past twenty
years, the problem is not yet fully soLved. One reason has
been a lack of sufficient high quality data. This is partic-~
ularly true for the important case of hurricane generated waves.
This lack of data is traced to two causes., One is the in-
frequency with which hurricanes pass over wave recording
stations, and the second is the fact that even when hurricanes
do, the extreme environment frequently completely destroys the
sensors. However, recently the picture has improved somewhat.
Good surface data has become avallable from two programs. One
was a consortium of oil companies who instrumented a number of
offshore oil platforms in the Gulf of Mexico. The other is an
ongoing program by the NOAA Data Buoy Office that has deployed
buoys at permanent stations around the U.S. coast.

However, even these two programs have a number of problems.
One 1s that, since the platform is fixed, the data that is
recorded represent a single transect of the storm wherever it
passed over the sensor, A second problem is that, while
these sensors are designed to measure wave height, they cannot
measure wave direction.
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Our program was designed to remedy these problems. The SAR
was placed on board a NASA CVY-990 research aircraft that was
flown to the storm. 3Since it remotely sensed the sea surface,
it was protected from the extreme environment. Since the air-
craft traveled much faster thar the storms, it could collect
data from all parts of the storm. Finally, the output product
was an image of the sea surface which would supply complete
information on the directional properties of the waves.

Data Collection

In 1976, Phase I of the hurricane mission was conducted.
There were five flights into hurricanes to collect wave data.
These were Hurricane Emmy on August 24 and 25, Hurricane
Frances on August 31 and Hurricane Gloria on Sepcember 28 and
30. All of these storms were in the western Atlantic.

Phase II of the hurricane mission was conducted during
1977. However 6 this year we had the opportunity to collect
data in only one hurricane. This was Hurricane Heather an
eastern Pacific typhoon off the coastof Bai= Caiifornia or
October 5.

The primary output product of the SAR after correlation is
a photograph-like image strip of the sea surface. The strip
represents an area beneath and to the right of the aircraft
that is approximately 10 km wide and is as long as the distance
the aircraft flew in a given direction.

Data Analysis

Most of the analysis that has been done so far has been
done for Hurricane Gloria on September 30. The ‘imagery was
plotted with correct reference to the center of the storm.
This gave us the first picture ever of the directional wave
field throughout a hurricane. A number of points became
obvious. The wave pattern was radially asymmetric. The waves
in the front half of the storm were better organized, had
longer wavelengths and appeared to be traveling outward fiom
the storm in something of an arc. The waves in the rear,
particularly the right rear quadrant, appeared to be very
disorganized.

The asymmetries can be explained intuitively. The winds
are stronger on the right hand side of a moving hurricane.
This is due to the added speed caused by the storm‘s motion.
(The winds blow counterclockwise.) Furthermore, the waves
generated under this stronger wind travel in the same
direction as the storm does and therefore tend to stay in the
generating area much longer. Therefore, asymmetries in the
wave field should be expected and they should increase with
storm speed.
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The domiunant waves in many parts of the storm were not
traveling in the same direction as the local wind. In parts of
the left front quadrant, they were traveling at right anglez to |
the local wind. This is not in agreement with the few present
hurricane wave generation models available. This is under-
gtandable in light of the fact thac thesemodels are partly
cmpirical and have been caiibrated using available non-
directional wave data. However, it does point up the need for
better models.

The directionality of the waves was checked and quantified
using directional spectral analysis. Selected portions of the
imagery were digitized and then corrected fur certain geometric
distortions. These were then transformed into two dimensional
spectra. This gave a plot of wave intensity versus wave length
and direction.

Conclusions

Work on thie project is continuing. At present we dre
reprocessing portions of the data so that a detailed comparison
of the wave patterns in the different hurricanes can be made.
e have also seen the need for a better hurricane wave genera-
tion model using this new data and have begun to develop one.
Finally, it is expected that the data collectiou portion of
this project'will continue next summer, in coordination with
the Seasat A satellite.
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ADVANCES IN LOCAL AREA, MESOSCALE MODELING

Paul R. Swan and In Young Lee+, Ames Research Center, Moffett Field, CA 94035

ABSTRACT

A two-layer, mesoscale boundary layer model is
being developed and validated against San Fran-
cisco Bay Area obcervational data.

INTRODUCTION

Although many research efforts are being directed
to the numerical simulation and study of mesoscale
weather phenomena, most of these have been devoted to
high priority problems associated with very energetic
destructive events such as tornadoes or thunderstorms.
There are also, however, socially important conse-
quences to non-violent meteorological phenomena which
are mesoscale in extent, and which are confined essen-
tially to the planetary boundary layer (PBL). Among
these we might list complex urban heat island effects
on local climate, detailed variations of diurnal winds
due to terrain features and coastlines, occurrence and
dissipation of fog, ventilation of urban areas
affected by pollution, anéd the selection of sites for
wind power generators. 1In addition, the PBL needs to
be more adequately simulated for use in global circu-
lation models, possibly also for advanced strato-
spheric models, and certcinly in future attempts to
couple atmosphere and ocean circulation models.

The computer model described in this paper is one
of two being developed at ARC to fill this gap in
meteorological modeling. A wide spectrum of numerical
techniques is available for approaching such a task.
The present model is of intermediate complexity, and
has been configured to provide results economically in
terms of computational cost, while retaining represen-
tations of all of the physical interactions of inter=-
est'

+NRC Resident Research Associate

o MR T Temonsey i




ay

L}
y

A

COMPUTATIONAL APPROACH

On the time scale of a few tens of hours, the PBL
may be considered to be the result of the free air
mass of the troposphere interacting with the complex
surface of the Earth. we, therefore, structure the
simulation as an initial-boundary value fluid dynamics
problem in which equations are solved for the PBL wind,
temperature and moisture fields given initial condi-
ticns, the synoptic meteorology aloft, and the physi-
cal characteristics of the underlying surface. Driv-
ing this set of equations is the diurnally varying
solar radiation which heats the surface to an extent
depending on its non-uniform thermal characteristics.

In order to reduce the computational problem to
modest dimensions, the three-dimensional equations
describing such a PBL are first integrated analyti-
cally from the surface to the interface with the free
atmosphere. The resulting equations then describe the
time and space variations of the vertical averages of
the PBL horizontal winds, potential temperature, water
vapor, and clouds or fog. 1In addition, equations des-
cribing the time and space variations of the depth of
the FBL are obtained. The resulting set of equations
then constitutes a two-layer model composed of the PBL
and the (specified) free atmosphere above. This set
of equations is solved nur.rically on a horizontal
grid using finite difference techniques. The initial
computer runs described in the next sections used a 20
km grid spacing; the validation runs will eventually
use a grid dimension of 2 km or less.

INITIAL SIMULATIONS

The initial test runs of tne program were carried
out for an area 300 km by 300 km generally east and
south of San Francisco. The initial values were taken
from an Oakland rawinsonde sounding, and the free atmo-
sphere values were then held fixed throughout the sim-
ulation. While observations are not available to ver-~
ify the results of these runs, the overall behavior of
the PBL is clearly interpretable in terms of generally
underst>od phenomena. The PBL winds, not illustrated
here, could be seen to be blocked by the coastal moun-
tains and the Mt. Diablo Range, and were channelled
through the Santa Clara, Salinas and Central Valleys.
There was a northeasterly mountain wind in the Sierra
Nevada induced by the lateral temperature differential
produced by radiative cooling in this area.
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The mixed layer depth, shown in Fig. 1, generally
did not change over the ocean, but beczme shallower
cver the Sierra Nevada, south of the Central Valley,
and south of the Diablo Range. wlhere the wind was
relatively strong at all times. Deviations of the
potential temperature of the mixed layer from the
ocean temperatuie are shown in Fig. 2. In aeneral,
the temperatire of the marine layer stays constant and
warm air persists over the Livermore, Santa Clara,
Salinas and Cencral Valleys, while cool air exists
over the Sierra Nevada region at all times.

10 AM

",

Fiqure 1 Figure 2

The clouds shown in Fig. 3 are formed when the
potential temperature of the mixed layer is cooler
than that of the marine layer, and the moist air
brought in from the ocean becomes supersaturated. The
excess water v-por duc to supersaturation then conden-
seg and forms clouds. We expect rain from a cloud
whose water content is greater than 1.0 gm/kg, but
precipitation had not been included in the model when
these initial runs were made.

ORIGINAL PAGE IS
PRELIMINARY VALIDATIONS
OF POOR QUALITY

Extensive field observations »>f the PBIL wcre made
by Stanford Research Inztitute in txc S.F. Bay Area
for the California Air Resources Board in 1976. We
selected for validation purposes two days when the ele-
vated subsidence inversion was particularly strong and
parsistent. There are, of course, limitations in
using observations for model validation. OUne is that
the obgeivations represent point measurements in time
and space, while the model predicts averages over large
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intervals. A second ic that the LIDAR and SODAR sound-
ings measure physical characteristics of the atmosphere
which arc not the guantities predicted by the model.
The interpretations of the echoes from these sounders
in terms of PBL depth is somewhat ambiguous, and may
require revision as we learn more about the PBL
physics. Nevertheless, with all of these reservations,
we show in Fig. 4 a ccupariscn at one location in the
model. Here the crosses represent the point soundings
interpreted as PBL depth, and the continuous line

shows the model results as a function of time for one
day.
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Fiqure 3 Figure 4

The comparison of these PBL depths at night, and
duvring midday hours, is excellent. However, the
observed PBL disappears at least three hours before
that of the model in the late afternoon. Most other
northern locations in the model show a similar discre-~
pancy. At a locaticn in the southern half of the
model, the daytime observed PBL depth is only half
that predicted by the model, but the phase of the
growt.. and destruction of the daytime mixed layer is
excellent.

The wind 1lirection at the northern location is
shown in Fig. 5. Here the circles are model values,
with subjectively drawn solid lines; the crosses repre-
sent the point observations. The magnitudes of these
wind values are in excellent agreement, the computed
values being at worst about 60% too large in the early
morning hours, but thereaf’er tracking the observed
values to within experimenutal error. The direction of
the wind, however, does not correspond quite as well.
The observed nighttime southeast wind changes much
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more rapidly to the northwest than does the comouted
wind. These discrepancies may well be due to the
large grid used in these first runs, since the area

of these olservaticns i::cluded comrplex terrain effects
which are very poorly resclved on the 20 km grid.
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We intend next to adopt a nested rid approach
using the 20 km solutions as transverse boundary con-
ditions for a 2 km grid of limited extent. ™This will
enable us to use the large scale (100 km) texrain and
shoreline structure to configure the large scale
fields properly, and then to use fine scale surface
conditions to obtain fields more nearly approximating
the point observations.

When these validation studies have been completed,
and while research continues on internal parameteriza-
tions of the model, we will be using the program winds
to advect pollutants in a photochemical dispersion
model. This will be the first step in a study of the
environmental impact on urban air quality of the use
of short-take-off-and-landing jet aircraft as commer-
cial transports, and will use a very detailed airport
source invento:ry which has recently been developed at
ARC.
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Paper No. 12 N79-20587

OBSERVATIONS OF THE MICROCLIMATE CF A LAKE UNDER
COLD AIR ADVECTIVE CONDITIONS

R.G. B, Jr, R. A, Sutheriand, and J. F. Bartholic, /nstitute of Food and Agricultural
Sciences, University of Florida, Gainesville, Florida

ABSTRACT

The mocerating effects of Lake Apopka, Florida,
on downwind surface temperatures were evaluated
under cold air advective conditions. Point
temperature measurewments north and south of the
lake and data cbtained from the NOAA satellite
and a thermal scanner flown at 1.6 km, indicate
that, under conditions si moderate winds
(v4m/sec), surface temperatures directly down-
wind may be higher than surrounding surface
temperatures by as much as 5°C. With surface
wind speed less than lm/sec, no substantial
temperature effects were observed. Results of
this study are being used ir land use planning,
lake level control and in agriculture for
selecting planting sites.

Introduction

The moderating eff:cts of large bodies of water on
the surface temperatures of coastal regions have been
noted qualitatively by climacologists for many years.
On a« much smaller scale, agriculturalists have been
aware of similar thermal effects produced by the plumes
of lakes and have used this information as an aid in
the selection of §rowing sitec for crop varieties which
are subject to cold damage. For example, in Fiorida,
citrus growers have found through experience that by
planting on the southern shores of lakes, they can
obtain some modera-ing effects on minimum temperatures
that occur at night during freeze conditions when winds
are predominately from the north [Lawrence (1963),
Bartholic and Sutherland (1975)]. While these
practical effects are well known, surface temperature
data is quite sparse [see eg. Geiger (1965)] and no
detailed quantitative data is available concerning
energy transport, and flow conditions associated with
such convective plumes.

The transport mechanisms include both turbulent
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and radiative transfer. Under typical nocturnal cold
front conditions, lakes, being warmer than the air and
surrounding land, release sensible and latent heat.

As the moist buoyant pilume is advected beyond the lake
by the moving air mass, sensible and/or latent heat
(depending upon the downwind dewpoint temperature) is
transferred by turbulent diffi ion to the ground. The
radiaticn energy balance of th~ surface downwind of
the lake may also be affected by advection of water
vapor from the evaporating lake surface. That is,
local changes in the vertical profiles of absolute
humidity wmay change the net radiation loss from the
ground.

In this investigation, aircraft and satellite
thermal scanner data was used to access the lake effect
Ground measurements included hourly values of wind
speed and direction, and soil, plant, air and dewpoint
temperatures.

Description of the Site

Lake Apopka is located in the central portion of
the Floridz peninsula (see Figure 1). The lake is
approximately 13 km across and has a mean depth of
1.65 m. Large areas of citrus exist both south and
east of the lake. These are low flat areas with sandy
soils not normally well adapted for citrus due to the
freeze susceptibility resulting from cold air drainage.
There is also a considerable area of citrus growth
west of the lake, on land with a relatively high
elevation. The area north of the lake is characteriz-
ed by organic soils and is used for vegetable farming.

] o.f Fla
Gainesville

Fig.2 Windrose of total hours
from designated directions at
Fig.1l Map showing position in Fla. QOrlando (/2 freeze events '24-'77)
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Wind direction Auring serious freezes is predom-
inately from the N.W. quadrant. A more precise de-
scription of wind direction during freeze episodes is
shown in Figure 2.

Small Scale Analysis of Temperature Regimes

Because of the NOAA satellite's high resolution,
detailed analysis of temperature patterns on a small
scale should be possible. It would be particularly
helpful if this data cculd be used to zero in on spec-
ific warm areas where plantings could be made and to
evaluate the area of temperature modified by Lake
Apopka.

Our analysis showed that detailed temperature
patterns could be observed. The lakes had the warmest
temperatures and the land immediately around the lakes,
particularly on the southern side were shown to be
warm. Large temperature differences were detectable
even with this resolution. Figure 3 shows general
temperature patterns for warm, intermediate and cool
areas. These general areas have been known from
historic records, however, the delineation of the areas
has never before been clearly shown. For example, the
muck land north of Lake Apopka generally has cooler
temperatures than the land south of the lake. This
muck and associated low land is clearly delineated as
cold and intermediate around the edges of the muck
area. It was possible with the Image 100 to overlay
the thermal imagery with the general native vegetation
map for that area. This overlay analysis showed first
that the lakes clearly showed up on the thermal
imagery and overlayed nearly perfectly. Second, the
low-lying muck land north of the lake and flat wood
areas (most of the area in the left half of the scene)
which are normally low were in the cold or intermediate
temperature categories. Third, the well-drained up-
land areas now used largely for citrus were almost
exclusively in the warmer temperature regimes.

From analysis of the satellite data, the cold
muck land and moderated warm area south of Lake Apopka
were clearly shown. Detailed changes in temperature
downwind and the plume effect, however ware not dis-
cernible. Thus, aircraft thermal scanner data was ob-
tained south of the lake.

Lake Effect as Detected with an Airc: .ft-Mounted
Thermal Scanner

General features of the lake effect as shown
in thermal imagery appear in Figure 4. The figure was
produced by first constructing a mosaic from the four



7z
i A //////////
[ 3.3¢T1<ss
R 17<T<3.3 M LAKE

- F.g.4. Temperature regimes
—) warm
drawn from a mosaic of aircraft
H .U B B thermal data south of Lake
Fig.3 Analysis of NOAA-3 satellite Apopka at 0500 on 10 Jan. 1976.
thermal data showing cold temp.
patterns in the vacinity of Lake
Apopka for 2200, March 4, 1975.

flightlines, digitizing the date and outlining the
regions of various temperature regimes. This parti-
cular set of data was obtained from a mission flown

at 0500 on 10 Jan. 1976 and shows the same general
trends which were found on the 1974 missions which we
will discuss in detail. 1In order to gain a quantative
evaluation of the lake effect the 1. 74 data were
digitized on a grid with rows (west-east) spaced 0.3
km apart and columns (north-south) spaced 1.2 km apart.
Average elevations were also digitized on the same
grid. Some czution must be used at this point since
the data has not been corrected for emissivity, how-
ever, results from a model which accounts for scat-
tering in the cavity formed by tree rows show that the
error variation from grove to grove is less tharn about
1°C except for extremely bare fields [Sutherland and
Bartholic (1977)]. Also errors caused by variation in
emissivity are diminished by the grid reduction method
since the area,when viewed on a large scale, is essen-
tially homogenous.

Since the leeward effect of the lake was to be
studied, those columns not immediately south of the
lake were eliminated from this particular analysis.
Also data points falling on or near smaller lakes
were eliminated from the analysis. From examination of
the raw data it was apparent that there was little, if
any, effect due to elevation on this night. This was cor-
roborated in the analysis which showed elevation to be
statistically insignificant. This is to be expected
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since wind speeds were high on this night (3-7 m/sec).
Figure 5 shows the smoothed curves for the three
missions of 2200, 0100 and 0400 on the night of 14-15
February 1974. The 0100 and 0400 data look very
similar except that the 0100 temperatures are slightly
higher with both showing a steady decline.

TEMPERATURE (°C)

DISTANCE (Km)

Fig.5. Plot of temperature vs distance from lake
for 1974 missions.

References

Bartholic, J.F. and R.A. Sutherland: 1975, '.'o... cation of
Nocturnal Crop Temperatures by a Lake," Twelfth Agriculture and
Forest Meteorology Conference. April 14-16, 7-9.

Geiger, R.: 1965, The Climate Near the Ground Translated by
Scripta Technica Inc. from the 4th German ed., Harvard University
Press, Cambridge, Mass. 611 pp.

Lawrence, F.P.: 1963, "Selecting a Grove Site,"Agricultural
Extension Service Gainesville Florida, Circular 185A.

Sutherland, R.A., and J.F. Bartheclic: 1974, "Aircraft-
Mounted Thermal Scanner to Determine Grove Temperatures During
Freeze Conditions," Proceeding Fla. State Hort. Soc., 87, 66-69.

65

>

!



N75-20588

Paper No. 13

WIND SPEED AND AEROSOL OPTICAL THICKNESS ESTIMATES FROM
AIRCRAFT OBSERVATIONS OF SEA GLITTER

R. S. Fraser, Goddard Space Flight Center, Greenbelt, Maryland
Ziauddin Ahmad, Systems and Applied Sciences Corp., Riverdale, MD

INTRODUCTION

The surface wind velocity, trcpospheric aerosol optical
thickness, and trace amounts of tropospheric gases are impor-
tant parameters for meteorolc - and air poliution control.
Except for the amount of water vapor, no operational system for
measuring these pararmeters from satellites has becen developed.
The opticel characteristics of the bright glitter pattern of
the sunlight reflected from water can, in principle, be used for
this purpose. To investigate the validity of this concept,
radiances observed from a’-craft are used to measure the surface
wind speed and aerosol optical thickness.

An elementary explanation of the physics i.avolved begins
with consideration of a smooth water surface associated with
a calm vind. Then the sea would reflect light like a plane
mirror. The brilliant image of the sun would be a few percent
of the radiance of the direct sunlight, and the angular extent
of the image would be one-h?1lf degree, the same as that of the
sun itself. As the wind speed increases, the water becomes
rougher, and the sun's image broadens out into a glitter pattern.
We know, of course, the glitter radiance is strong in the nadir
direction, when the sun is at the zenith, but even when the sun
is only 25 above the horizon, the glitter has been observed
from aircraft in the nadir directi-n (Hovis, 1977). The wind
velocity determines the shape of the glitter pattern, and its
brightness can be utilized for measuring optical thickness.

Levanon (1971) has used the observations from the ATS-1
synchronoug satellite for determining the surface wind spee:
with an accuracy of +1 m/s. His method involved recording the
radiance of an arbitrary point as the glitter pattern crosses
it from east to west. The main restriction is that the spo’
remains free of clouds and that the wind velocity is constant
during the two hours required to measure the width of the
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glitter pattern.
OBSERVATIONS

Dr. Curran mede the aircraft radiance observations ‘:ised
in this study. liis purpose was to reasure cloud parameters.
A scanning radicmeger measured the rcdiance in several spectral
channels within 45 of the nadir and in a plane transverse
to the aircraft motion. The observations presented here were
taken under nearly cloudless skies over the Pacific Ocean.
The CV990 aircgaft flew at a height of 150 m ang with a
heading of 292°. The solar zenith angle was 20, and its
azimuth from the scan plane was 41 ., Hence, the scan passed
along the friage of the glitter pattern. The A765 nm channel
is chosen, since the atmospheric gaseous absorption is neg-
ligible, while aerosol attenuation is dominant. The observed
radiances are plotted as points in the accompanying £igure.
Each point represents an average of 380 instantaneous readings.
The error bars of +10%Z indicate an uncertainty of +5Z in the
solar constant and * 5% in the laboratory calibration.

METHOD

The méthod of obtaining thz wind speed and the aerosol
optical thickness ies to develop 2 vadiative transfer model of
the ocean-atmosphere system that can account for the measured
radiances. Reflection from the rough sea surface 1s computed
by the method of Cox and Munk (1955). The sea slopes are
assumed tu be distributed isotropically, independent of the
.wind direction. The wind speed (V)zin m/s at a height of 14 m
is rzlated to the slopc variance (s°) by V = 0.6 + 195 s".

The aerosol model consicts of a distribution of sizes
described by Deirmendjian's (196€) haze L. The particles are
assumed to be moderately absorbing spheres with an index of
refraction m = 1.5 - C.031. The vertical distribution of the
particles is sirilar to the profile used by McClatchey et al.
(1971). The total aerosol optical thickness of the model is
derived from the measured radiances. The other atmospheric
constituents are a scattering gas with an optical thickness of
0.037 and ozone with an absorption optical thickness of 0.008.

RESULTS

The surface wind speed depends strongly on the width of
the glitter pattern. Accordingly, the value derived with this
emphasis 1s 9.3 m/s, which compares favorably with a measured
value of 8.9 m/s, extrapolated to the surface from the aircraft
height of 150 m. The expected error in both values is *1 m/s.
After the shape of the glitter pattern has been accounted for,
the aerosol optical thickness is derived from the absolute
values of the radiance and is 0.43. Its accuracy in this
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periment approximately equals the relative radiance error.
The error depends on the measurement accuracy (*10%) and on the
wind speed estimate (+1 m/s). The radiance of the bright part
of the glitter pattern is inversely proportional to the wind
speed. The correspoading relative radiance error equals the
negative of the relative wind speed error. In this experiment,
this relative radiance error is 1/9.3 =+0.11. The total
radiance error, and also the optical thickness error, equals
the root mean sum of measurement and wind speed errors, which
ia +0.15. Nn other estimate of the aerosol optical thickness,
not even a climatological value for the region, is available
for comparison.

Using zn aerosol optical thickness of 0.43 and a wind
spesd 57 5.3 m/s in our model, we have computed the radiances
for three heights. The radiances just above sea level agree
well with measured vaiues on the anti-solar side of the glitter,
or on the north-northeastern side. The agreement is not as
good on the solar side, perhaps because the sea slope distribu-
tion function is skewed, and not symmetrical as assumed.

Tiie width of the computed radiance pattern at the air-
craft height (150 m) diverges from the measured value, indicating
thr.t =2 have overestimated the wind speed by not accounting
for the scattered light between the sea surface and the air-
craft. The radiances at 50 km, or highezt, are much reduced
in contrast from the sea level values. The path radiance
contributes at least one-half of the total vradiance and hes to
be acccunted for in estimating both the optical thickness and
wind speed. We will inveetigate “he characteristics of %“e
high-level radiances by studying observations of the glitter
rattern at a height of 11 km.

The region of the sea covered by the glitter pattern
observable from a satellite can be specified by the angle
between the half-power points of .he high-altitude radiance
curve. This angle is 40° and impli~s that surface facets
reflecting light in the direction ot the half-power points are
inclined +10° from the horizontal. This in turn indicates that
the glitter would eatend #10 in latitude and longitude from
the subsatellite point of a geostationary satellite, when the
sun is favorably located at the zenith.
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Paper No. 14 N79-20589

THE EVALUATICN BY NUMERICAL SIMULATION OF THE DESIGN FOR A
MICROWAVE PRESSURE SOUNDER (MPS)

Dennis, A. Flower, Jet Propulsion Laboratory, Pasadena, California
Gordon E, Peckham Herrot-Watt University, Edinburgh, Scotland

ABSTRACT

The potential accuracy of an active multrifrequency
millimeter-wave technique for the remote measurement
of atmospheric pressure at the Earth's surface has
beer. investigated by numerical simulation,

Introduction

Surface pressure {5 perhaps the single most significant
physical parameter for meteorological purposes as it {s the
driving force for atmospheric circuiation, The development of a
sufficiently accurate (i.e. better than 3 mb r.m.s. error) remote
pressure sensor would he an extremely important breakthrough for
operational meteorology and atmospheris dynamics research. The
most promising mechod for malking such a measurement was identi-
fied by Smith et al (1972), and reported in detail at the NASA
sctive Microwave Workshop (1975). This paper presents some re-
ults of a numerical simulation experiment carried out to support
e viability of the techaique,

.2 ~ating Frequencies of a Microwave Pressure Sounder

Surface pressure can be deduced from measurerents of at-
mospheric transmissivity in the wings of the 60 CHz o.vgen
absorption band, Since experimentally it is easicr to tuke
accurate measurements cf a power ratio rather than absolute
power, the intensitics of echo signals reflected from the ocear
surface at pairs of frequencies are compared to obtain tne trans-
missivity. To account for variation in the atmosph.:ic tempera-
ture profile, water vapor content, cloud and rain coin-ent and
sea-surface reflectivity, measurements must be ma’ at saveral
pairs of carefully chosen frequencies. The procedur. used to
select these frequencies is outlined in this section,

The composite model of sea surface reflectivity (Chan and
Fung, 1973) ard electromagnetic scattering by cloud and rain
droplets (Crane, 1971) can be used tuv shcw that the coumbined
frequency dependence in the ztrength of the nadir echo signal due
to thes~ effectr may be expressed as exp - (a + bV + cvz) where
v is frequency snd the coefficlents a, b, and c are dependent on
the sea state ano atmospheric .iquid water content. An index of

n
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pressure, S, which is independent of the sea state and cloud or
rain content, can be obtained by comyining the :eturn echoes,
Py {pi), at sev-oral frequencies where

[ r (V) /7 (Va))l (PR (Vg
s = | 22 o [R—2X 21

L P ) 0 \P V) Pr O

and the frequencies V) thru vg and tie indices o and 8 are
rel: zed mathematically to eliminate th~ coefficients a, b, and ¢
frem S. It is apparent then that three ratios must be measured.

Rosenkranz's (1975) spectrosccyic model of oxygen absorp-
tica and Weters' (1976) spectroscopic model of water vapor ab-
sorption are used te computc zenith atteruatior of a U,S. Stand-
a1 Atuwosphere with added water vapor as a fuactior of frequency.
To octain the derivatives oi the integrited absorptior coeffici-
ent with respect to pressure, temperature and water —apcr the
zenith a*tenuation is again computes “or small changes in the
presstre profile, temperature profiie znd water vapor profile,
This derivai-.ve data Is used to choose secs of frequencies such
that the sum of the temperature derivatives and thLe sum of the
water vapcor derivatives are simultancouslv .ero. This makes the
index S insensitive tc temperature ana water vapor changes.

A further constraint is imposed on the choice of frequen-
cies to optimize the sensitivity of S to pressure. The increase
in pressure sensitivity which is indicated by the sum of the
pressure derivatives and which is obts...ed by using some fre-
quencies well irto the oxyzen band is b. .anced against the re-
duced signal-to-noise which 2ccompnnic this throngh greater
atmospheric absorpt_on.

The applicatiown of these constcaints has shown that opti-
mum instrument perfoirmance Is obtained by ':~ing a pair cf fre-
quencies on each side of che oxygen b.nd with the third pair in
the upper wing of the 22 (Hz water vapor line. An example of
thig selection piocedure has operating frequencies 27.94, 35.30,
44.76, 52.7€, 67.44 and 73.28 GHz and indices a = -1.65 and
B= 1. n this case a 3 mb change in surface pressure produces a
2.37% change in the index 5 while the insensitivity to temperature
and vater vapor is calculated to be such that a 20°%¢c change in
tropospnere temperature or a 1 gm cm™“ change in tctal water
vapor content will ; ‘nduce a change in the index equivalent to a
surface pressure chang: o only 0.12 mb.

Numerical Simulation kxpe:.uent

The simple form of the U.S. Standard Atmosphere with a
smooth water vapor profiie adder and the simplest of profile
ariations were used as the basis of the frequency selection
procedurc, In practice the atmosphcre veries greatly from this
vtviized profile, particularly so for the water vapor content.
It is necessa-y thercfore, to demonstrate the vaiidity of the
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procedure hy examining whether the designed insensitivities are
achieved nith & wide range of real profiles. Radiosonde measure-
ments provide a data set ideally suitel to this purpose. The
relevant radiosonde observations made and recorded on puan: _:
cards are: pressure, temperature and .elative humidity for the
surface and height, temperature and relative humidity at 35
standard pressure levels from 1000 to 2 mb.

Wunerical simvlation consisted of calculating atmospheric
transmissivi y at .ach .f :iue frequencies for a vertical path
through the atmospiiere defined by a radiosonde observation set.
Oxygen and water vapor abs~rption for each layer betwee. the
stanlard pressure levels w . computed from the spectroscopic
models. The layer tlicknesses were obtained directly from the
height data and corresponding average values of temperature,
pressure and water vapor mass mixing ratio were derived from the
recorded observations. An estimate was also incl 'ded of the
absorption by the atmosphere rewaining above the higuest leve’
for which data was recorded. The integrated transmissivities
were combined using equation 1 to give a simulated pressure in-
dex. Computations were made for a large number of radiosonde
observations and Figure 1 shows the resulting scatter diagram of
measured surface pressures againr.,t simulated indices. The
radiosonde data used were from Cold Bay, Alaska where the sur-
face temperature varied from 4°C to 18°C and the tota! water
vapor content varied between 0.89 and 4.02 gm cn”“ and Balboa,
Panama with corresponding vaciations of 23°C to 31°C and 4.13 to
5.61 gm cm2,

The scatter diagram shows that the relationship between
simulated index and surface pressure is satisfactorily repre-
sentei by a straight lin2 over the range of pressure from 995
to 1020 mb. All of the points lie within a band %1.5 mb about
this straight line so that the pressures as deduced from the
simulated indices are within €1 mb of the actual surface pres-
sures. In Figure 2 the error in pressure (deduced minus actual
to the nearest mb) is plotted as a function ¢ both surface
temperature and total water vapor content. Iu can be scen that
no correlation exists and that the designed insensitivity of the
measurement to tamperature and water vapor changes hau been
achieved.

The scatter of points arises from variability in the at-
mospheric structure which cannot be modeled and will contribute
tc the error in the surface pressure which is measured by the
microwave sounder. From the Gaussian distribution curve fitted
to the histogram of errors inset in Figure 1 the standard de-
viation of th: deduced pressure can be estimated to be about
0.65 mb.
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Concludin, Remarks

A full system analysis has been carried out for the Micro-
wave Pressure Sounder and while this will be reported in detail
elsewhere, the main results of this work are summar.zed here.

The other major erroer sources are the statistical variation
in the signal reflected from the ocean surfacc and the signal-
to-noise error. The characteristics of an MPS system have been
defined which will enable surfacc pressure on the subsateliite
path to be deduced with a total r.m,s. error of 1.8 mb in cloud
free and light cloud c-aditions @ud an r.m,s. error of 2.5 mb
when the clouds are -.wderately heavy. Under more restricted
cloud cover conditions measurements can also be made away from
nadir so that the precsure sradient car be uetermined.

An assessment or th icrowave systen and compone.t cer-
Lormances has indicated ...at the i1ecuired I-strume ‘.l . ii-
cies and accuracies are achievable while solid state microwave
sources with sufficient power (~2W) are currently being de-
veloped. It is anticipated that an early Shuttle/Spacelab
flight will be used to prove the MPS as a technique for providing
accuratc global surface pressure fields.
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Paper No, 15 N79'205 90

REMOTE SENSING OF THE BOUNDARY LAYER

C. Prabhakara, Goddard Space Flight Center, Greenbeit, Maryland

ABSTRACT

Limited informaticn about the boundary layer stratification can be obtained
from remote infrared spectral measurements in the water vapor window re-
gion. A global map of the average strength of the water vapor spectral lines
in the 9 um window region derived from Nimbus 4 IRIS data is presented to
indicate this boundary layer information. Presence of deep convective layer
in the intertropical convergence zone and trade wind inversion over the sub-
tropical oceanic high pressure systems are appropriately revealed in this map.

The planetary bounc -y layer is formed as a consequence of the dynamics of
the large scale circulation and the thermodynamic energy balance that results at the
surface.

During day time the solar energy heats the surfacc and thereby increases the
lapse rate of the temperzture in the lowest layers near the surface. A part of the ab-
sorbed solar energy at the surface goes into the subsurface by conduction, a part is
used in evaporation, a part goes into reradiation from the surface and the remaining
energy is transported into the atmosphere as sensible heat. In the night time when
the solar heating is absent the lapse rate of temperature decreases and the various
physical processes meriioned abcve adjust themselves progressively to a night time
state. The temperziur: and water vapor profile near the surface thus undergo a sig-
nificant change in response to the sola1 neating. Transfer of heat and water vapor
intc the atmosphere closely follow these changes near the strface.

Or iand surfaces, in particular dry lands, large diurnal changes in the boundary
lave: eteatification are induczd by the solar heating. The boundary layer on the
watci vuuies on the other hand undergoes a much smaller diurnal variation as the
heat capacity 2nd conductivity of the water bodies is large.

Dynamics of the large scale circulation affect the boundary layer primarily by
the vertical motions associated with them. The dvnamical influence on the water
bodies is not masked by the diumal cyclical changes produced by the solar heating.

In view of the importaiice of the boundary layer in the weather and climate
prodlems in this study an attempt i< made to et the configuration of this layer on a
global basis from satellite infrared measurements.

The information sbout the boundary layer structure can be obtained from
passive infrared remote measurements only in a crude fashion. The main reason for
th.: crudeness is the poor vertical resolution of the retrieved information. The 15um
temperature retrieval hus a vertical resolution of about 5 km near the surface. How-
ever water vapor which has a considerably smaller scale height, about 2km, can help
us get a iiner vertical resolution. But the water vapor is highly variable both in time
and space. This complicates the remote sensing techniques v-hich depend on water
vapor as an optically active gas. But over water bodies, the vertical distribution of
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water vapor in the first few kilometers depends csse:itially on the surface tv.apera-
ture and tzmperature structure in the layers near the surfacc. For instance in the
intertropical convergence zone, water vapor frecly convecis upward from the surface
and the associated temperature profile shows a marked lapse rate. On the other hand
in the oceanic regions where subtropical anticyclonic subsid=nce is present, the sub-
sidence inversion prevents the free convection of water vayor to higher elevations.

In this manner a strong correlation is developed betwcen the thermal and water
vapor stratifications. This intimate correlation sizuplifies the physics and allows the
remote sensing of the charccter of the temperature and water vapor profiles in the
boundary layer over water vodies.

Infrared spectral measurerments made by the Nimbus 4 Infrared Interferometer
Spectrometer (IRIS) in the 7-25 um region of the earth’s spe-trum reveal crude
structure of the water vapor lines with a resolution of abe it 2.8 cm-1. Two bright-
ness temperature spsctra obtained by IRIS are shown in Figure 1 to illustratc this
crude water vapor line structL.e. The water vapor absorption is changing significantly
within about 2.8 cm-! to produce these lines. A detailed theoretical study of the
inanner in which these apparent water vapor lines in the spectrum grow as a function
of the ootical depth, associated with water vapor in the atmosphere, rev.als an inter-
>sting property. Namely, the strength, that is the difference between the top and
the bottom, of a given line is dependent strongly on the vertical scale height of the
water vapor.

In particular the lines in the water vapor window region around 9 um are sensi-
tive indicators of ihe vertical scale height of the water vapor in the first few kilome-
ters near the surface. The relatively strong lines in this window region together with
the weak continuum absorption produce this result. On oceanic regions these water
vapor lines can delineate significant differe¢nces in the boundary layer structure of
the atmosphere.
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Fig. 1-Brightness temprrature specira, over tropical oceans, measured by the

Nimbus 4 IRIS. Notice the water vapor lires in the 9um window region
(1100 to 1200 cm-!) are stronger in the spectrum on the right by about 30%.
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In Figure 2 a global map of the mean line strength in the 9 um window region
derived from the Nimbus 4 IRIS is shown. This map is obtained by compositing
cloud free IRIS data for a period of about 70 days (April to June) in 197C. The
strength of the 9 pm lines is expressed in terms of the brightness temperature differ-
ence from the top to the bottom of the lines. This global map reveals strong water
vapor lines in the equatorial regions over the oceans where intertropical convergence
takes place. Away from the equator the line strength decreases. However, in the
subtropical oceanic region where a subsidence inversion is produced, the Qum lines
show a minimuin. Such minima may be noticed in the subtropical eastern portions
of the Atlantic and Pacific oceans both north and south of the equator. Also a re-
gion of minimum is seen over the Arabian sea where tradc wind inversion exists
during the period Apri! May and June.

Th 'nformation . »ut the boundary layer structure over the land areas is nct

as read.y interpretable as it is on the oceans. The 9um line information on the land.

shown in Figure 2, is obtained from local noon data of IRIS.

The intertropical convergence zone over North Africa around 12°N is revealed
by the 9um line strength. The extremely large value of ihe 9um lincs, ~20°C, in
this region suggest the presence of a deep, moist and probably a convectively un-
stable layer near the surface. Similar convectively unstable layer ts also indicated
over India.

This study shows that the remote measurements in the infrared sre useful to
get a crude structure of the atmospheric boundary layer over the oceanic regions on
a seasonal basis. Such an information can be useful in seasonal climate modelling
and prediction schemes.
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Paper No, 16 1’{ 79- 20591

PROFILING OF ATMOSPHERIC WATER VAFOR WITH
MICROWAVE RADIOMZETRY

T. 7. Wiiheit and G. H. Schzerer (NAS/NRC Associate)
NASA Goddard Space ~iight Center

ABSTRACT

Weighting functions were developed which express the water
vapor information content of microwave radiometric meas:re-
ments. Retrievais of water vapor profiles are performed using
these weighting functions.

There is considerable 1nterest in remote measurements of the vertical dis-
tribution of water vapor, particulaiiy under cloudy conditions. The net inte-
grated amouxni of water vapor has been measured using the 22.235GHz water
vapor line (Staelin, et al. 1975) with instruments on the Nimbus~5 and & satellites
and this technique will be continued on the Nimbus-G and Seasat-A satellites to
be launched in 1978. Attempts to use this ling for obtaining vertical distribution
information have not been fruitful because of the weakness of absorption even at
line center. The 183.310GHz line is much stronger and thus provides an in-
triguing possibility of profiling water vapor. A preliminary analysis of this pos-
sibility is the subject of this paper.

If we view the Earth and its atmosphere from space with a microwszve
radiometer directly at the nadir, assvine a specular surface and make thz Kayleigh
Jeans approximation the upwelling brightness at a given frequer..y v can be
expressed:

<o -
Tyt = f ¢ W TRy, TN
0

® o n
+ et [(‘ - R)Tear +R 4/ ¢fo TCx)x V(V.h)T(h)th
“o

+ ey

o

where: v = jr Y(»,x)dx, R is the reflec.ivity of the surfacz, Y(»,h) is the ab-
(i}
sorption coefficient of the atmosphere at a height h for = frequency » and T(h) is
the temperature profile of the atmosphere.
This equation may be expressed in the fomy:
a
Tpt © / K@,nT{n)dh
Ju

where K(»,h), the temperature weighting fv.ction, is only weakly dependent on
the temy.crature profile. These weighting functions form the Lasis oV ali schemes
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of retrieving temperature profiles from radiometer measurements, if not explicitly
in tke retrieval formalism, by guiding the intelligent choice of measurement
channels.

Constituent retrievals, however, are inherently more difficuit becauv:c they
enter into the brightness temperature equation through their centributions to 7
which appears both in the attenuation factor e-/74X and through the radiation
factor Y(h)T(h) so that the effect of a ¥ at one location is dependent on 7 at all
other locations so that one cannot, in general express Tyt i the form:

Tyt = f C(hyY(h)dh
0

We can nevertheless lineariz2 the problem by dealing in smali pertubations
to the absorption. That is, we can express a small change in the brightness tem-~
perature 8T 4 as a function cf a smafl change in the absorpti - as a function of
heiglit, 87 (h).

6Ty =f G[h,p(h),T(h)] &7 (i)dh
0
and it can be shown that:

Glh,p(E),T(h)] = 7(0,n){T(h) - Tgs(h)]

+ R7(0,h)7(=0,0)(T(h), - Tgy(h)]

where 7(X,Y) 15 the ztinospheric transmissivity between points X and Y and
Tyt and Ty, {n) represent the up and downweliing brightness temperatures at
height h respectively. Gih,T(h),7(h)] will be written henceforth only as G(h)
with the understanding that it is implicitly a function of the temperature and
absorption coefficient profile as well. The weighting function with respect to
absolute water vapor, p(h), can then be expressed as

<« Partial cerivitive
dp(h)

or more conveniently with respect to relative humidity, R(h),

~ 37(h) 3p(h) 37(h)
Gr(h) = Gih) =00 S2or = Gy = it

where pg,y(h) is the saturation vapo: pressure of water at a height h. The
weighting functions dealt with hereafter will be these relative humijdity weighting
functions; they are related to a change in brightness temperature by:

5Ty = f Gg (h) 5R(h)dh
0
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Given a set of absorption coefficients for atmospheric constituents (Waters
1976) and reasonable values for surface reflectivities we are in a position to cal-
culate these weighting functions and to examine their properties. We will use a
value of 0.3 for th= refle.‘ivity of the ocean between 140 and 200GHz based on
the dielectric measurerienws of Ray (1972) and use 0.1 as a typical value for land
surfaces keeping in mind that actual land reflectivities can easily range from ca 0.2
down to essentially zero. We will nlways ascurae the temperature of the surface
to be the same as the lowest level of the atir dspuere used. Resuits will be given
here for the 1962 U.S. Standara and Tropiral Atmospheres (AFCRL 196°).

In Figure 1, we show weighting fu.ictions calculated for 2, 4, 6, 10 and
'8GHz below the 153GHz water vapor I -e for a typical atmosphere over ccean.
Note that as one would expect the peak of the weighting function moves to lower
altitude as one gets farther from line center and, more, suprisingly, thai the
weighting functions which probe deepiy into the atmosphere actually change sign
at low altiwudes. That is, an addition of water vapor at high altitudes will de-
crease the brightness temperaiure but an increase at low altitude will increase the
brighiness temperature. This crossover is not found in temperature weighting
functions. Figure 2 repeats the same calculations tor an assumed reflectivity of
0.1 whicn would be typical of land surfaces. The only obvious change is thai
the crossover moves to lower altitude; at zero rflectivity the crossover disappears
entirely. The behavior of the pezk height and the crc sover height as a function
of frequency have been examined and the results are summarized in Figure 3.
Here we show these hiights for both the U.S. Standard and Tropical Atmospheres.
Note that for frequencies more than about 7GHz removed from line center the
peak height actually goe. back up. This is of little practical consequence, how-
ever, over oceans since the bulk of the weighting function shifts to below the
crossover and i12aches anciher maximum at ¢, surface. Over land, t.-is property
suggests difficulty in obtaining water vapor information much below about 4km
altitude. One can also note substantial simiiarity in the behavior of the weigh(ing
functions for the U.S. Standard and Tropical Atmospheres. This should not lead
one to believc iiiz. the behavior of the weighting can be considered independent
of the details of the atmosphere. In Figures 4 and § we show weighting functions
fcr 182 and 140GHz respectively for atmospheres with a Tropical Arniospheie
temperature profile b.. various constant relative humidities imposed on them.
The number by each curve specifies the relative humidity, in percent, for each.
Ncar the line (182GHz) the effect of vary:ng the humidity is to mcve the weight-
ing functions up and down while at 140GHz the changing humidity grossly alters
the character of the weighting functicas.

As a test of the usefulness of these weighting functions. a retrieval scheme
using 5 ch: ‘nels was examined. First the expected brightness teinperatures over
ocean at the five frequencies (183.30, 182.0, 180.0, 174.0, and 146.1 GHz) are
caleulated; these become ihen the synthetic data set. We then try to retrieve the
known profile by taking an initial guess profile and calculating brightincss tem-
peratures and weighting functions for each of the five frequencies. The differ--
ences between the newly calculat-d brightness teraperaturzs and the synthctic
data set are calculated, then the wveighting {unctions are used to translate 'nese
into corrections to the relative humi”jty profile which is assumed to be piccewise
linear with anchor points at the surface and at the peak heights of the 4 highest
frequency weighting functions. The adjusted profile is then used to calculate new
weighting functions and brightness temperatures and the process is iterated .ntil
the calculated brightness temperatures agree with the synthetic data set within
1°K; four iteration: are sufficient. In Figures 4 and 7 we show the results of this
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process for U.S. Standard and Tropical Atmospheres. The retrieval works well
for the smoothly varying U.S. Standard atmosphere but certainl+ does not resolve
tne abrupt decrcase in the humidity associated with the trade inversion in the
tropical atmosphere.

These results certainly suggest that microwave radiometry near the
183GHz water vapor linz could yield interesting w:ter vanor profiles, at least
over oceans. More channels and more sophisticated retrieval techniques should
yield improvements, The effect of clouds should also be quantitatively
investigated.
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Paper No. 1 N79-20592

ADVANCES IN THE REMOTE SENSING OF ATMOSPHERIC TEMPERATURE
PROFILES

M. T. Chahine, Jet Propulsion Laboratory, Pasadena, California

ABSTRACT

Clear-column temperature profiles with a vortical reso-
lution of Z km in the troposphere and an accuracy of
1.5 K can be obtained in the presence of multiple
layers of broken clouds using narrow band-pass measure-

ments carefully selected in the 4.18 and 15 um regions
of the CO; bands.

Introduction

Numerical weather prediction models have already evolved tou
point where the number of tropospheric layers is greater by more
than a factor of two over the number of sounding levels of current
sounders. For example, the GSFC/GISS numerical circulation model
has eight layers below 100 mb while the VIPR, HIRS and SCAMS
Sounders are capable of sounding the troposphere at a maximum of
3 or 4 levels only.

The main reason for this poor vertical resolucion is due to
tic broadness of the weighting functions of the corresponding
tropospheric channels. The weighting functions, 3t(vi,p)/d 1n p,

are the kernel of the radiative transfer equation when written in
the form

0 ar(vi,p) i
I(vg) = B(vy,T) T(vy,p,) +_L :[\'i,T(p)] STap P @ !
8

where I(v4) is the channel-averaged upwelling radia.ce at fre- :
quency vi, B is the Planck blackbody function ana 1 is the trans-
mittance of an atmospheric column between the satellite and pres-
sure level p. From Eq. (1) it is clear that when the weighting
functions are broad the emitted energy reaching the satellite
will have components originating from a wide range of atmospheric
layers, thereby making the reconstruction of fine-scale vertical
details practically impossible.

As a consequence of the broadness of the weighting functions
of current sounders and also because of cloud contamination and
surface emissivity effects, the rms errors in the retrieved tem-
perature profiles have remained high, above 2 K. Improvements in
the accuracy and vertical resolution of satellite temperature pro-
files, however, can be achieved provided that:
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1. An objective cloud-filtering method is developed tv obtain
global clear-column profiles even in the presence of mnlti-
ple layers of broken clouds.

2. A get of atmospheric sounding channels with very narrow
weighting functions is selected to resolve the details of
the vertical thermal structure.

3. A set of surface sounding channels is selected to solve
the surface emissivity effects.

An investigation of the above three problems was carried
out jointly with L. D. Kaplan (U. of Chicago) and J, Susckind
(NASA-GSFC). A set of tropospheric sounding frequencies with
substantially narrower weigihting functions was carefully chosen
from the region of high J-lines of the R branch of the 4.3 ym COp
band, and a compatible set of 15 um channels was selectad to
sound the stratosphere and to filter out the effects of up to
three cloud layers. In addition, three channeie wi.e selected
from the 3.7 un armospheric window to account for the effects of
surface emissivity. 4 feaeihility sludy for implementatior of
the set of scunding frequencies has been carricd out and a design
study for the development of such a sounder is currently under
way at JPL. From such a sounder systeu we will be atle Lu:

1. Retricve clear-column temperature profiles in tlke presence
of up to three cloud layers with an average rms accuracy of
1.5 K at 8 distinct levels below 100 mb.

2. Simultaneously obtain humidity profiles.

3. Determine the location of the tropopause to within .0-20 mb.

4. Map the amount and height of clouds globally.

5. Recover day and night surface temperature of oceans aid
solid earth.

Cloud-Filtering Method

An anaiytical method was derived in Refs, 1 and 2 to
eliminate the effects of clouds on infrar<s radiances. The method
requires measurements in adjacent fields of view and in two prcp-
erly selected spectral bands. According to this method it is
possible to express the (unknown) clear-column radiance I(vy) as

-~ 3 ~ d
Ivp) = Tivy) + 3 oy [ - I, O] (2)

=1

where I, I, I3 ard I, are radiances measured in four adjacent
fields of view and n;, nz and n3 are uiknown coefficients indepen-
dent of frequency. Tha determination of I(vi) and ny is carried
out simultaneously by iterations. The solution converges uni-~
formly if the high frequeicy channels from the 4.3 um band are
used to determine I(v) and *he lower frequency channels from the
15 ym band are used to solve for the coefficiencs nyg.

Experimental verifications of this method were carried out
at JPL using a multidetector spectrometer mounted on the NASA P3A
aircraft and the results are described in Ref. 3.

Recently Sugskind successfully applied this cloud-filtering

88

T ."1-.,_-"""': "“ i e e e R -



_n‘ -

n

o

method to analyze the August 18 - 25, 1976 H1RS data. Here, since
the sounding frequencies available on HIRS can be used to filter
out the effects of only a single cloud layer, Eq. (2) was reduced
to just one term as

1(v) = L) +nlfv)) - Tv)] (3)

The results illustra .:d in Fig. 1 were derived according toEq. (3)
using 15 ym and 4.3 pu radiance

data only, without any a priori sob T Nimsus e’ HIRS - ]
information about the height, \<FUMAKXOGY
type or amount of clouds in the 70 DN 7
fields of view. It is very im- 100} _;3“ .
portant to note that the results 2 HIRS - FORECAST 'Q\
shown in Fig. 1 are independent - ) Y
of the initial guess, with the g 2001 ,/49 -
average rms errors being 2.5 K € 200 7 s
for a climatology initial guess * P
and 2.4 K for a forecast initial 500 ¢
} -1
guess.
) e —
10000 1 G
0 1 2 3

RMS TEMPERATURE ERROR, °K

Fig. 1
Narrowing of the Weighting Functions

The main reason for the large errors above 300 mb shown ir
Fig. 1 is due to the broadness of the HIRS 15 um weighting func-
tions. Fig. 2a shows the distribution for the HIRS soundiung chan-
nels of the origins of the emitted energy, defined by B 3t/¢ 1n p.
By comparison the sounding frequencies in Fig. 2b selected fur an
Advanced Meteorological iemperature Sounder (AMTS) have narrover
energy distributions. The reasons for this narrowing have been
discussed in detail in Refs. 4 and 5 and are due to:

1. The fact that dependence of the Planck function in the
4.3 ym region on temperature is very strong.

2. The dependence of T on temperature and pressure in the high
J-lines of the 4.3 um CO; band greatly increases the narrow-
ness of 3t/% 1n p in the troposphere.

Further narrowing of 37t/3 ln p beyond what is shown in Fig. 2b can
be obtained by making measurements in wings of the high J-liues,
but this step requires a further reduction in the instrument band-
pass to Av = 0.2 cm~ !,

A comparison, based on Refs, 6 and 7 for the U.S. standard
atmospheric temperature profile, of the narrowness of the energy
distributions, B 9t/3 1n p, for different types of sounding chan-
nels is presented in Table 1 using the half-width as a measure for
narrowness. The half-width 1s defined as the distance, in scale
heights, between two pressure levels at which the energy distribu-
tions have haif Jf their maximum values. From this table it is
seen that the narrowness of the AMTS channels in Fig. 2b is within
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15Z from the highest limit for passive sounders.

Numerical Simulation

The two sets of sounding frequencies shown in Fig. 3 were
used in a numerical experiment to investigate improvements in the
accuracy of the retrieved profiles as a result of narrowing of

the energy distribution. Only one cloud layer was assumed in this

experiment for the purpose of comparison with the HIRS data, al-
though the AMTS is capable of eliminating the effects of multiple
cloud layers. The amounts of clouds in the fields of view were
randomly generated and their height distribution was assumed to
vary linearly from 200 mb at the equator to 800 mb at the pcles.
The {nitial guess for the HIRS retrieval was taen from climatol-
ogy. No initial guess is needed (or used) for retrievals with
the AMTS channels. The average rms errors in the resulting re-
trievals were 2 K for the HIRS and 1.5 K for the AMIS. The accu-
racy of the results derived from such a <<under would have a sig-
nificant impact on numerical weather prediction.
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A STATISTICAL METHOD FOR TIME-CONTINUOUS ASSIMILATION
OF REMOTE SOUNDING TEMPERATURES

Michael Ghil, Courant Institute of Mathematical Sciences, New York University,
New York, NY 10012

ABSTRACT

We present a time-continuous s”atisticzi method for the
four-dimensional assimilation of ramote zounding temperature:
based on radiometric measurements from pclar-orbiting satellites.
This method is applied to DST-6 data from the NOAA-4 and Nimbus-6
satellites.

We report on experiments in which the state of the atmo-
sphere throughout the test period was determincd using a varying
amount of satellite data and in which different methods were used
for their assimilation. Data from the NOAA-4 satellite only,
from Nimbus-G only, and from both satellites together were used;
the methods tested include different variations of our statisti-
cal method, as well as more traditional methods. Using some of
the atmospheric states thus determined as initial states, a num-~
ber of eleven 72-hour torecasts was carried out for each experi-
ment.

The improvement in forecasts at 48 hours and 72 hours for
the best assimilat:cn method tested and for the full amount of

data available was about 5% in Sl skill score and 12% in RMS er-

rors. These correspond to the possibility of an extension of a-
bout 8-12 hours in the useful length of numerical weather fore-
casts.

Our conclusions from *he study are that: (i) satellite-de-~
rived temperature data can have a modest, but etatistically sig-
nificant positive impact on numerical weather prediction in the
two-to-three day range; (2) this impact is highly sensitiwve to
the quantity of data available; and (3) the assimilation method

plays a major role in the magnitude of the impact for the same
data.

1. INTRODUCTION

A major effort is currently under way at a number of re-
search centers in numerical weather prediction to apply statis-
methods to the four-dimensional (4-D) assimilation of temperature
data obtained from vadiometric satellite observations. The usec
of statistical methods is strongly suggested by the large quan-
tity and poor quality of the data.

At the Goddard Institute fcr Space Studies (GISS) we have
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developed a statistical assimilation methed (SAM) which operates
in a time-continuous manner, along o sub-satellite track. This
time-continuous, fully four-dimensional approach is the main fea-
ture which distinguishes our method from other attempts, which
group all satellite data in 6 to 12 h "windows", and then apply
the statistical techniques to the satellite data, as well as to
conventional data, in synoptic fashion.

The idea ¢f using cumulative statistical information on ob-
servational errors in order to compensate for the deficiencies in
the amount and accuracy of the observations has led to the appli-
cation of statistical methods in the objective analysis of con-
ventional synoptic data (Eliassen, 1954; Gandin, 1963). This ap-
plicaticn becawe known in the meteorological literature as "opti-
mal interpolation”. ‘rhe inclusion of forecast information into
the specification of an initial state by statistical methods lead
to "optimal interpolation" of the differences between observations
and forecast valiles, rather than of the synoptic observations
themseives. This approach has been advocated and implemented by
Rutherford (1972, 1973).

The application of statistical methods not only to the ob-
jective analysis of conventional synoptic observations, but also
to the time-continuous assimilation of asynoptic satellite-de-
rived data, has been carried out for a non-divergent barotropic
model by Bengtsson and Gustavsson (1971, 1972). The combination
of all the jideas above led us to study the blending of satellite
data in a time-continuous manner into assimilation runs of the
GISS General Circulation Model (Somerville et al. (1974), by the
procedure of local "optimal interpolation" of ooserved-minuc-fore-
cast values; the statistically determined corrections axe then
added at each model time step of the assimilation cycle to tne
forecast values.

This statistical method was compared in some of oui experi-
ments with other methods, of a more traditlonal nature, to wit:
direct insertion (Bengtsson, 1975, p. 24), and successive correc-
tion (Cressman, 1959). The detailed asynoptic implemeniation of
these two methods in our experiments it described in Ghil and
Dilling (1977).

2. THE METHOD

The vertical temperature profiles obtained from satellite-
based radiance measurements are grouped by l0-minute time inter-
vals. A plot of a typical group of temperature data obtained in
2 10-minute interval is shown in Figure 1. 1In the sequel we
shall refer for the sake of brevity to sacellite-derived tempera-
tures as observed temperatures. In the present implementation of
the method, only information at the same mandatory pressure level
is used, i.e., the "optimal interpolation" is two-dimensional.

To simplify notation, we shall use a single subscript to
indicate location, thus: k = (i,j), where i stands for discre-
tized longitude and j for discretized latitude. Let k be an
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observation point (on a fixed

mandatory pressure levzl),
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Tx
the observed temperature, ~ and
Ti the (iaterpolated) model tem-

~

rerature at the observation point'H

k. Let Yk be the difference be-
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ween the Observed and the fore- "EEE::: 3-/"—_,,~"—~—‘\~?'
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cast temperatures at k. Yk = Fig. 1. Comain of inflvence
o _,£ . ~ of satellite temperature re-
Tx = Tx - We wish to compute trievals in 10 min. time in-

corrections §, to forecast values tervals.

at grid points £ = (m,n) near the observaticn points k, where k

ranges over a group, or "patch", of observations such as the one
shown in Figure 1. In the figure, observation points k are
marked by T's; grid points £ which are affccted by the observa-
tions after corrections are marked as +'s. More precisely, after
applying -he corrections provided by our method, the temperature
at '+'-points, as well as at 'T'-points, will be different from
the forecast value.

The corrections 62 are computed by a linear formula,

§

=1 ak'Y
2 "k R 'k ; (1)
here and in the sequel we drop the vector notation for k and £,
the multi-index character of k and £ being tacitly understood.

The coefficients at in the Equation (1) are defined as the solu~-
tion of the system of linear equations

Rl = B, 2)
where a, = (ak,....,a:), and N is the number of observations

points in the patch. System (2) is the familiar normal system
which arises in all statistical applications based on a least-
squares approach.

The statistical information accumulated on obsezvations and
forecasts is incorvorated into the eantries a:k, of the matrix »

and into the components Bi of the right-hand side vector gz .o
These are given by

':k' = ey Bl; = dieyg)s (3
here 8., , is the (spherical) distance betwes:n the two observation
points k and k', and 5.0 is the distance between the observation

point ik and the grid point £, at which we wish to make the cor- 5
rection.. Notice that : depends on observation points only, and *
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we can drop the suiscript £, while R, depends on both observation
points and the correciion point we consider.

The function ¢(s) is a correlation function. The fact that
it depends only on the distance - reflecte the assumptions of
homoceneity and of isotropy we made at the outset concerning the
errn: structure. The function ¢(s) was computed for discrete
values of s, s = 100km, s, = 205KM, ..., sp = (2~-1)x100km. The

continuous function ¢ (s) used in (3) was obtained by fitting an
analytic functiou ¢ = ¢(s;so,c), depending on the parameters

SqeCr by a least-sguares fit. In other worrs, we obtained the

values of N and of ¢ for which w(s;so,c) satisfied

zp [¢(SP;SO:C) - ¢P]2 = minimum (4)
The actual form of ¢ used i- the experiments we report on
here was exponential,
—s/so
¢(s;so,c) = (l-c)e +c. (5)

The method has alrezdy been presented in Ghil et al. (1977b). For
a more detailed description we have to refer to Ghil and Dilling
(1977).

3. LZSCRIPTION OF THE EXPERIMENTS

The purpose of our expceriments was tc ~tuly the effect of
satellite data on the quality of initial states obtaine. with
the aid of such data, and on the accnracy of forecasts staiting
fcom gsuch iritial states. Specifically we studied *he effect
of the quantity and accuracy of the satellite data themselves on
the one hand, and ot the assimilation metnods used to extract
the information from the data, on th= cther.

All the experimerts consisted basically of a continuous as-
similation run, extending over the entire period for which data
were available, and@ of forecasts started from selected initial
states produced by the assimilation run. The experiments differed
from each other by the sounding data which were assimilated, and
Lv the method which was used to carvy out the assimilation. The
ass.milation methuds used for the tatellite data we:e direct inser-~
tion (DIM), asynoptic successive correction (SCM), and time~con-
tinuous local statistical assimilation (SAM).

The methods were applied to temperature sounding data from
the NOAA-4 and Nimbus-6 satellites during the DST-6 (January-March,
1976) period. A complete assimilation cycle was carried out from
002 Jsn. 29 to 03Z Fab,._21,.1976. The temperature data were sup-
plied by the National Environmental Satellite Service (NESS). El-
even forecasts were carried out, starting at 032 on Feb. 1, 3, 5,
sees 21. The reason to start the forecasts at 03Z and not 00Z was
to achieve as close a parallel as possible with operational prac-
tice at the Naticnal Meteorological Center (NMC), because NMC u3sas

intermittent assimilation with a +3h "window™" for satellite data.
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Thus, an operational NMC forecast started at 002 uses all asynop-
tic information vp to 03Z; so do our experiasental runs started at
03%, as we rely on time-continuous assimilation. Starting 2h af-
ter the insertion of synoptic data also has the efiect of letting
the model smooth out the initialization shock occurring at synop-
tic time (see Ghil, 1975, and Ghil et al. (1977a).

Table I. Summzry description of impact experiments. The use of
data from the VIPR inst went on board the NOAA-4 satellite is
denoted by VTER, the use of the data from the HIRS and SCAMS in-
struments on board the Nimbus-6 satellite by NIMB. The method
by whi_.h the data have been assimilated ’s indicated by the ac-
ronyms DIM, SCM or SAM. The experiment in which only conventional
synopti. data, and no satellite data at all were used appears as
NOSA1. The f.rst digit of the cude number refers to the method:
DIM = 1, SCM = 2, and SAM = 3; the second digit refers to data
source: VTPR = 1, NIMB = 2 and VTPR + NIMB = 3, Additional re-
ruaarks coacerning the method Are erplained in the itext and in
Ghil and Dilling (1977).

Experiment Code Asrsimilation Data Correlation parameters

No. Method VTPR NIME 2 (km) c
7578 00 NOZAT 0o o
8240 12 DIM X
8405 22¢ SCM* X
8352 22 scM X
8310 23 scM X X
8447 2iN ScM** X X
8574 3t SAM X 2293 -.124
8472 32 sam® X 1831 .013
8545 33 SAM X X 1842 .015
8566 33a sav2 X X 1842 .015
8593 33b samMP X X 1842 .015

*  Control experiment with simulated Nimbus-6é data, based on
NOSAT 12h forecast

** No insertion of satellite data over data-dense land areas

a Bias removed at observation point

b Bias removed at grid point

A summarv uescrip’ion of the experiments is given in Table T.
A latitude-scaled co.relation function (cf. Ghil and Dilling,
1977), the averagiag of NESS data to GISS grid points (id.), and
geostrophic wind corrections (ibid.) were used in all SAM experi-
ments. Geostrophic wind correction was used in the DIM and SCM
experiments (8240 through 8447) as well.

Experiment 8405 'as set up as a control experiment to check
the information content of satellite data, and to study the pos-
sible smoothing effect of SCM or SAM on the field values produced
by assimilation runs. In it the temperature data used as "obser-
vations; were modal values p° uced frcm a NOSAT (see Table I)
12h-forecast, to which simulared observed-minum-forecast differ-
ences were added; theme differances w+ere computed at the true
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Nimbus~6 observation locations, by u<ing a random-nunber generator
funrtion with statistical properiie Letermined from actual data.

Our timing estimates for the a.rferent ass’~ilation methods
show that the computational cost of implementing mcre sophisti-
cated assimilation methods is not exaggerated. For example, a
24h forecast takes 40 minutes ./ CPU time; a 24h NOSAT assimila-
tion runs in 48 minutes; a 24h SCM assimilation runs in 59 mi-
utes; and a 24h SAM run in 96 minutes (cf. Ghil and Dilling, 1977,
where details are provided). These estimates all refer to the
present version of the GISS GOM running on an Amdahl 470/V6 com-
puter with a core memory of 2 megabytes. In fact, the computa-
tional coszt of SAM can be considerably reduced by using more ef-
ficient numerical nethods and programming tschniques.

4. DISCUSSION OF RESULTS

We shall only discuss here numerical measures of satellite-
data impact on forecast accuracy. A detailed synoptic study of
the differences in initial states produced by the assimilation of
satellite-~derived temperature data appears in Atlas -ad 3akal
(1577) ard in Halem et al. (1978). A study of the eifect of dif-
ferencas in the mecdel-predicted large-scale fields on local

The numerical measuces of impact we used were sl skill scores

and root-mean-square {RMS} differences. The meteorclogical irields;
we studied ir particular were the sea-lewvel pressure | 28 and tne

height ¢ of the 500~mb geopotential surface. First the differ-
ence between values of the field produced by a model forecast and
the field values of the NMC objective analysis at the same synop-
tic time were computed. These differences were computed for the
synoptic time 48h and 72h after initial time.

The next step was to compute the RMS value of the difference.
The actual impact measure consisted in subtracting the RMS dif-
ference for the experiment forecast from the RMS differznce for
the NOSAT forecast. A poritive value of this difference then
means positive impact of, .r improvement due to satellite data
for the given experiment and quantity, while a n2gative value
means negative impact. The computations for skill score impacts
were done in analogous fashion. The verification regions over
which the impact was measured were North America and Europe.

Because of the random influences on the detailed resulis we
discuss, these results had to be summarized in a way which would
allow definite conclusions to be drawn. Such a summary is pre-
sented in Table I1. For details we have agzin to refer to Ghil
and Dilling (1977).

The mean percentual impacts for each experiment i1l be de-
noted in ithe following discussion by xj; the subscript j refers

to the code number of the experiment. We shall Azicte the mea-
sure of statistical significance for the resuiis by 3 This

measure is so defined (Ghil and Dilling, 1977) that we ~nnsid
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Table II. Summory of results for the numerical neasures of im-

pact.
Experiment Code Impact, % Statistical Significance
No. st RMS (average/standard erxror)
Sl RMS
7578 Q0 0 0 - -
8240 12 0.21 2.3 0.13 .94
8405 22C 0.97 1.51 1.07 1.23
8352 22 1.83 6.311 1.01 1.82%
8310 23 2.75 5.13 0.94 1.11
8447 22N 2.98 7.36 1.36 1.24
8574 31 1.20 3.66% 0.66 1.19%
8472 32 3.11 5.97 1.39 1.37
8545 33 4.74 9.57 1.94 2.26
8566 33a 4.46 12.41 1.85 2.77
8553 33b 4.79 10.02 2.05 2.49

+ incomplete

an experiment j to have yielded significant results, roughly
speaking, if Cj > 1; we have no confidence at all in the re-

sults if Cj < 0.5, and high confidence if Cj > 2.

Before discussing the results, it is important to remember
that Experiment 8405 (code 22C) is a control experiment, as des-
cribed in Section 3, and that all the results have to be gauged
against those of Experiment 8405. We discuss the results for
skill scores first. In Table II we start by noticing that the
measure of statistical significance for Experiment 8405, is
C22C = 1,07. Hence the results of the DIM experiment 8240, with

z
12
Ty < 0.5), while those of the SCM experiments 8352, 8310, and

8447, with Q22 = 1.01, C23 = 0.94, and §22N = 1,36 respectively,

= 0.13, hav2 nc confidence whatever attached to them (also

can be considered as marginally significant. The corresponding
mean percentual impacts from Table II are x = 0.97 for the

22C
control experiment 8405, and X5 = 0.21 for the DIM experiment
8240, which is practically negligible; they are X, = 1.83, X4

= 2,7%, and x22N

8447 respectively, with x

= 2.98 for the SCM experimeats 8352, 8310, and
22N x Xyq s l.5x22 s 2x22c. We already
notice a strong correlation bctween measure of impact and measure
of confidence. Moreover, the control experiment 8405 shows that
the DIM experiment totally failed to produce favorable impacts,
while the SOM experiments produced results considerably better
than the performance level set by the control experiment, in fact
twice as good, at least. Also Experiment 8310, which used a
large amount of data, obtained from two satellites, produced
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results which were 50 percent better in mean percentual impact
than those of Experiment 8352, utilizing the same assamilation
method (5(M) but data from Nimbus-6 only. Furthermore, Z2xperi-
ment 8447, in which no satellite data were inserted over land,
reflecting higher reliance on conventional data, produced re-
sults comparable to and even better than those of Experiment
8310, while using only data from one satellite (Nimbus-6).

We proceed now to discuss the SAM experiments, 8574 throush
8593. The comparison of skill score results, in both impact and
significance, of Experiment 8574, which used only NOAA-4 data,
Experiment 8472, which used the more abundant Nimbus-5 dat:,, and
the remaining SAM experiments, 8545, 8566, 8593, which used data
from botl satellites, immediately shows the importance of data
quantity, indepcndently of the assimilation method. We have %n
fact §3l = 0.66 < 2;32 = 1.3% < ’:"j’ j = 33, 33a, 33b, with cj = 2;

n
similarly X3 = 1.20 <x32 = 3.11 < xj = 4.65. Thus Experiment

8472 is comparable to the best SCM experiments 8310 and 8447,
while Experiment 8574 produces somewhat poorer results.

The results of three SAM experiments which utilized fully the
available data, 8545, 8566, and 8593, are remarkably similar.
We have ;33 = 1.94, ;33a = 1,85, and C33b = 2,05; these give us

all high statistical confidence in the mean impacts, being very
close to and even larger than 2. The mean impacts are x_,. =

33
4.74, x = 4.46. and Xyqp = 4.79, that is close to 5 percent.

33a
This is certainly not a very large impact, but is quite compar-
able to improvements in numerical weather prediction which have
been considered as important over the last decade; it corres-
ponds approximately to the ability of making a 60h forecast of
accuracy which equals that of today's operational 48h forecast.

We remark in passing that the attempts ‘at removing the bias,
(cf. Ghil and Dilling, 1977) of satellite-derived temperatures,
either at observation points (8566), or at the correction point
(8593), did not make much difference in the results. The use of
SAM itself, however, certainly did make a difference. It is very
interesting to consider the SCM experiment whic*: is similar in
other respects to the three SAM experiments we are in the process
of discussing, namely Experiment 8310; we immediately notice

that the two cuantities measuring result, C23 and » _, have a

value which is almost exactly half the correspondin, -epresenta-

tive valae for SAM, C23 = 0.94, versus 2, and x.‘,3 = 2,75, versus
5.
The values of ',12 and X192 for DIM experiment 8240 can be con-

sidered zero for all practical intents and purposes of this dis-
cussion. We observe at this point that, in a certain sense, SCM
is a low-order approximation to SAM, in which the matrix A of

Section 2 is approximated by a diagonal matrix (compare Rither—
ford, 1972).
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The results for RMS errors strongly support those presented
here for skill scores; they are given in the fourth and sixth col-
unn of Table II. The statistical significance of tbhe RMS results
is influenced by data quantity and acsimilation method in the
same way as the S1 results, and sc are the mean impacts; the

values of RMS mean impacts are of the order of 10 to 12 percent

for the best SaM experiments, and 5 to 7 percent for the SCM ex-
periments.

It appears in general thac differences in initial states cor-
relate ressonably well with impact on forecasts from those initial
state (Bulem et al. 1978). Our numerical measurements of impact
also s.em to correlate postively with improvements in the capa-
bility of predicting local weather when using the large-scale nu-
merically predicted fields for guidance (loc. cit.).

£. CONCLUDING REMARKS

We have presented a statistical method for the time-contin-
uous, four-dimensional assimilation of temperature data derived
from satellite based radiometric measurements (SAM). This method
was applied to DST-6 data. It was compared to a direct-insertion
metiiod (DIM) and to an asynoptic successive-correction method
(scM). Purther experiments considered the influence of data quan-
tity on Improvements in initial states and on foreca:ts from those
initial states.

The results of our experiments allow us to draw a number of
conclusions: (1) satellite-derived temperature data can have a
modest, but statistically significant positive impact on numerical
weather forecasts, ss verified over the continents of the Northern
Hemisphere; (ii) this impact is highly sensitive to the quantity
of the data -- the impact of a two-satellite system is larger than
that of one satellite by an amount roughly proportional to the
quantity of data provided; (iii) the assimilation method plays a
major role in the magnitude of the impact for the same data --
direct insertion had a practically null impact, while SCM pro-
vided about half the impact obtained with SAM.

The impact for the best method tested and for the full a-
wount of data available was about 5 percent in Sl skill score and

12 percent in RMS errors; these correspond to the possibility of
an extension of about 8-12h in the usefulness of numerical weather
prediction (NWP) in the range between 48h and 72h. There are in-
dications that local weather forecasts using large-scale NWP re-
sults as quidance can be similarly improved.

We are in the process of further refining our statistical
assimilaticn method of the sounding data and of applying it to
data from the entire DST-6 period. We intend also to adapt sSaM
to the assimilation of cloud-track wind data from geostationary
satellites, and wé expect eventually to apply it to FGGE (First
Global GARP Experiment} data.

Our results suggest that larger impacts of satellite-borne
sounding systems on weather forecas*ing could be brought about by
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imi rovements in two major areas: (a) improved accuracy and ver-
ticel resolution of sounder temperature profiles, anéd (b) im-
proved numerical models for assimilation and forecasting.
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THE EFFECT OF SEA ICE EXTENT ON THE CLIMATOLOGY OF THE
GISS GENERAL CIRCULATION MODEL

G. F, Herman, University of Wisconsin Meteorology Department, Madison
W. T. Johnson, Goddard Space Flight Center, Greenbelt, Maryland

ABSTRACT

Two model simulations were caiculated with the GISS general
circulation model corresponding to hypothetical maximum and
minimum January sea ice conditions in the rorth and south polar
regions.

Results indicated that there were large differences in the
Northern Hemisphere circulation between maximum and minimum ice
conditions in zonally averaged temperature, vertically averaged
eddy senzible heat flux, and mean 500 mb geopotential heighr.
The calculated differences are found to be greater than th.
inherent variability of the model.

1. INTRODUCTION

At high latitudes the heating of the atmosphere by radiation
and convection depends on the distribution of sea ice because of
its high reflectivity and low conductivity as compared with the
ocean. In order to test the response of a general circulation
model to the extreme variations of sea ice margin, we have con-
ducted a sensitivity study with the GISS GCM. Two model calcu-
lations were perfcrmed with hypothe:ical maximum and minimum ice
conditions, and statistical significance was estimated from a
predictability experiment that was carried out for the same
period.

2. DESCRIPTION OF EXPERIMENT

a. The GISS General Circulation Model

The model that we empl>yed is a v~.rslon of the GISS GCM that
has been described by Somerville et al. (1974) and Stone et al.
(1977). A modification of the grid resolution at high latitudes
as described by Halem and Russell (1973) was used to eliminate
computational instability associated with the convergence of the
meridians at t-e poles. Solar and thermal radiation and ground
temperature (including the ground temperature of continental and
sea 1ce) are computed interactively and depend on changing water
vapor and cioud conditions. Simple approximations are used for
surface moistnure conditions. Tropical convection 1s treated
with a modified form of the Arakawa et al. (1969) parameteriza-
tion. Sea ice is not an interactive component of the GISS model
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because its accretion or ablation is aot calculated explicitly.
Model pack ice consists of a three rater layer with fixed ortical
and conductive properties overlyins an ocean surface of conitant
temperature.

b. Boundary and Initial Conditions

The model initial conditiors were taken from the 00Z glohal
National Meteorological Center (NMC) analysis for 1 January 1975.
The control for the experimer ¢ consisted of "minimum' ice condi-
tions which corresponded to che realization of climatologically
minimal ice margins occurriag simultaneously in the Baffin-Davis
Straits, Greenland-Norwegiin-Barents Seas, and Sea of Okhotsk.
These miaima were suggest:d by ice maps prepared by the British
Meteorological Office, a.id the Danish and German hydrographic
offices.

The perturbation e periment, referred to as the "maximum"
ice case, was carried out with northern hemisphere ice extent
that was somewhat grr.ater than would be realized if the ice cover
in these seas were fimultaneously at their actual climatological
maxima, especially in the North Pacific and in the vicinity of
Iceland. The reg'ons of ice margin variation for these two
experiments are rnown in Fig. 1. The model integration was
carried out fror 1 January 1975 to 14 February 1975.

Fig. 1 Regions of ice margin variatimgm AL PAGE B
oF POOR QU
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3. RESULTS AND DISCUSSION

a. Zonally Averaged Quantities

Maximum temperature differences of ~5 deg. are found in the
lowest model lzyer between 50° and 60°N, and decrease to -1 deg.
at 400 mb. Cooler tropospheric temperatures are associated with
maximum ice because more ice dindnishes the sensible and latent
heating of the atmosphere by effectively insulating the atmos-
phere from the ocean in the regions cf strong air mass modifica~
tion of the North Atlantic and North Pacific.

The zonally averaged w.nd iacreased at upper levels of the
high-latitudes with increased ice, due to decreased poleward
temperatures gradient between 70° and 90°N. Smaller changes in
the zonal wind at 400 mb occur at 55°N and 35°N.

There is very little difference between the zonally averaged
geopotential heights at 835 and 505 mb equatorward of 55°N, but
differences increase poleward. Geopotential height decreases
with maximum ice by 90 m at 505 mb and 30 m at 835 mb.

Figure 2 illustrates the latitudinal values of the poleward
transport of seusible heat by tne mean meridional circulation
(MMC), and the net transport by the standing and transient ed-
dies. Larger average eduy heat transports in mid-latitudes are
obtained with maximum ice, and differences as large as 21 percent
are found at 33°N. The larger poleward heat transport of the
maximum ice case results from an enhancement of the lower tropo-~
spheric temperature gradient in wmid-latitudes. The equatorward
sensible heat transport by the model's Hadley cell is also in~
fluenced by high latitrude ice conditions. Equatorward tramsport
is diminished by 15 percent with maximum ice conditicns.

T r =¥ T

S m ooe}

Fig. 2 Heat Transport

b. Hemispheric Fields

The 850 mb temperature differcnces show that there are
warmer temperatures with minimum ice condit-ons in the Icelandic
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regions of the North Atlantic (6-7 degrees), Baffin-Davis (4-6
degrees), and the North Pacific (6-8 degrees). A broaZ region
of large positive temperature differences is found over the
northwest United States and British Columbia and is presumably
associated with the margin variations in the North Pacific.
Temperatures in the central polar region range 2-4 degrees
warmer with minimem ice condition.

The pattern of temperature differences is considerably dif-
ferent at 500 mb where a discernable wave pattern has developed.
Temperatures are warmer with minimum ice in the Alaska and East
Siberian Arctic, but the differences in the Icelandic region are
of the opposite sign (i.e., colder) than at 350 mb. An extensive
region of colder temperature also has developed fiom the varia-
tion in the Sea of Okhotsk and has spread over the eas+ern North
Pacific and western United States, Smaller regions of colder
temperature developed over continental North America and Asla
with minimum ice.

The differences of geopotential (Fig. 3) closely follow
those of temperature at 500 mb: With minimum ice the Aleutian
low is deepar by 120 meters. The Icelandic low also deepens
(50 m), and the highs of Asia and Arctic Canada are more intens:z
by 50-60 m.

Fig. 3 500 mb geopotential
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c¢. Significance of Resunlts

Is the calculated change of an atmospheric parameter a true
function of changing ice extent, or simply a random state that
could be obtained equally well from small errors in the initial
temperature or wind field? According to the results cf Prof. J.
Spar the standard deviation of the 500 mb geopotential height in
the GISS model is 45 m in high latitudes of the Northern Hemi-
sphere. For comparison the mean model ievel 5 height differences
between maximum and minimum ice conditions is greater than or
equal to 45 m poleward of 70°N, and ranges from 0 to 45 m between
50° and 70°N. The standard deviation of the 850 mb temperature
was generally less than 2°C in the Northern Hemisphere with
regional maxima of up to 3° over novthern North America. The
zonal mean temperature deviations we find here are at or above
these levels at all latitudes north of about 45°N, but are at
or below Spar's levels in the tropics and sub-tropics. It there-
fore appears that we are observing a true response to the change
in the thermal forcing associated with the different ice margins.

4. REMARKS AND CONCLUSIONS

The results indicate that maximum ice extent is associated
with colder temperatures at high mid-latitudes, larger poleward
terperature gradients, larger eddy sensible heat transports, and
in general a slightly more energetic circulation. A negative
feedback between ice extent and poleward heat transport is sug-
gested. The important question that remains is whether changes
in the atmospheric eddy heat transport caused by maximum ice
could ever become large enough tc irhibit the growth of the pacl
ice, or cause it to recede. Unfortunately our model does not
simuylate the important coupling between the ocean surface temper-
ature and the variable pack ice margia.

We conclude from our model results that ice margin is capable
of influencing the mean climatology of the high mid-latitude and
polar regions of the Northern Hemisphere through its influence of
the sensible and latent heating of the armosphere in regions of
maximum margin variation. The most significant changes occur
locally in the vicinity of the changing ice margin, but global
changes larger than the inherent variability of the model are
observed.
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NUMERICAL SIMULATION OF FLOW NEAR STEEP MOUNTAINS WITH A
POTENTIAL ENSTROPHY CONSERVING SCHEME FOR THE SHALLOW
WATER EQUATIONS b

Akio Arakawa, Dept, Atmuspheric Sciences, UCLA A

ABSTRACT

Mumerical experiments show that use of a potentici enstraphy
conserving scheme drastically improves numerical simule..on
of flow near steep mountains.

Medium-range numerical prediction experiments showed that o
decrease in horizontal grid size improved the predictabiliry, even of large,
and presumably already well resolved, planetary wav .. This fact suggests
that, although the planetary waves should be relatively free from
truncation errors ir: a linearized system, the mechanisms for their generation
and subsequent time change are nonlineor and do involve smaller scales
which cre subject to serious truncation errors.

. ?ne of the major sources of such truncation errors which must
seriously affect the dynamics of planetary waves is the p-2sence of steep

mountains. In nature steep mountains can affect the dynamics of planetery
waves (even if they are longitudinally very narrow), provided that they are
sufficiently high and have a lorge encugh meridional extent. When the
conventional grid sizes are used, even the Rocky mountains, for example,
extend ot most only a few grid intervals in longitude and, therefore, the
dynamical response of the model atmosphere t> them can be subject to a
serious truncation error.

It is commonly assumed ihat decrease of errors in finite differenci
could be achieved through use of a tmaller grid size. But the question
whether the sclution with a given grid size is in an approximately conver-

ent range or not is highly scheme-dependent in nonlineor systems. It has
geen known that some space finite difference schemas for two~dimensional
incompressible flow produce spurious energy cascade, while the total
energy is wonserved, After sufficiently long time integrations with such
schemes, significant amount of energy exists in the smallest resolvable
scales, where truncation error is large; regardless of the grid size. This
means that a decrease in the grid sizo always affects the solufion with such
schemes,

It is thus important to seek ¢ scheme which prevents a false energy
cascade. Solutions with such a scheme should be relatively smooth and,
therefore, relatively little "improvement” is expected when the grid size
is decreased. This means that the original solution is already a good
aporoximation,

For a homogeneous incompressible atmosphere, flow over and near
mountains is governed by the conservation of (absolute) pot. +ial vorticity .
1/h during advective processes, where 1) is the (absolute) vurticity and h
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7 /'n__if_conserved where the overbar means the horizontal average.
Since 1€ < (7<h ;?E) =(7 P = CONst., there is an upper
bound for the (cbsomte enstrophy % ’ﬁ5 . Therefore, as in a purely two -
dimensional flow, a systematic energy cascade is prohibited also for a
variable h,

We have found that ccnventional space finite ¢*ference schemes
for the momentum equation, when they are applied to the shallow water
equations, correspond to very bad advection schemes for the potential
vorticity in the presence of steep mountains. In particular, conservetion
of the potential enstrophy is not guaranised, even when the scheme

uarantees conservation of the enstrophy for a purely two~dimersional

ow. Fig. 1 shows examples of potential ensfrjh increasa in time with
such a scheme. The scheme used here is that tgle current UCLA general
circulation model applied to the shallow water equations. The domain is
bounded by two rigid walls at y =0 and y = 2,000 km and by » =0 and
x = 6,000 km, where cyclic boundary conditions are applied. The mean
height of the free surface, Ho, is 5 km; the acceleration oﬁ gravity, g,
is 9.8 m soc™2; and the coriolis parameter, f, is 104 sec™!. The bottom
Iopogmphy is a narow ridge which axtends throughout the channel iny
and has a triangular shape in x, and centered at x = 3,000 km, Its
maximum height is 2 km and its bottom width 1,000 km. The initial con-
ditions are a uniform zonal current of 20 m sec~! and a horizental free
surface. Experiments were performed with three different grid sizes:
d =500 km, 250 km an” 125 km. Fig. 2 shows the topography recognized
by each of these three grids. We can see in Fig. 1 that there is no
improveinent in conservation of potential enstrophy by decreasing the grid
size from 500 km to 250 km. Even with d = 125 km, there is a consider-
abie increase of potentic enstrophy in time.

To ovexcome this deficiency we redesignec the space finite differ-
ence scheme for the momentum equation so that it conserves potential
enstrophv as well as total energy.

To compare solutions of the two schemes in simulation of a statistic-~
ally steady state, we performed a series of experiments in which a surfgce
stress linearly proportional to the wind with coefficient k =0, 25 x 10™

sec™1 and a uniform westerly momentum generation of 2.5 x 10~9m sec-2
per unit mass is added to the momentum equation. In uddition, the
maximum height of the mountain is now 4 km ond g is reduced to 0.98 m
sec~2 to partially inciude the effect of stratification. All other
parametors and fle topography are the same as tho previous experiments,
The initial cendition has no motion and horizontal free surface H = Ho.
Figs. 3 through 5 show the time averages for the period from day 20 to 30.

Fig. 3a:  the old scheme with d = 500 km;

Fig. 3b:  the new scheme with d = 500 km;

Fig. 4a:  The old scheme with d = 250 km;

Fig. 4b:  the new scheme with d = 250 km;

Fig. 5a:  the old scheme with d = 125 km;

Fig. 5b:  the new scheme with d = 125 km,

Figs. 3a and 3b show that with the coarse grid, d = 500 km, the
old scheme produces a wedk, relatively disorganized flow, while the new
scheme produces an organized, dominantly westerly flow with a continuous

s_tga_depfh of the fluid. Censequer.tly, the (absolute) potential enstrophy
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meandering jet stream. The old scheme produces a weak ridge at the west
side of the mountain, whiie the new scheme produces a strongar ridge
almost right over the mountain. Figs. 4a and 4b show that even with the
medium grid, d = 250 km, these situations do not change significantly.
Figs. 5a and 5b show, on the other hand, that with the fine grid,
d =125 km, the two schemes produce an almos. identical field. By
comparing Figs. 3a and 4a with 5c¢ and Figs. 3b end 4b with 5b, we see
that, as the grid size is reduced, the characteristics ~f the produced field
changes less with the new scheme than with the nld s2hziie.  Ihis indicates
that the solution with the new scheme * in an approximately convergent
range even with the coarse grid, while those with the old scheme are not.
We have incorporated a horizontal finite difference scheme,
designed similarly to the "new" scheme dbove but for a stratified baroclinic
atmasphere on the spherical earth, in the general circulation model.
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DESIGN AND TESTINC CF A NEW PLANETARY BOUNDARY
LAYER PARAMETERIZATICN

David A. Randall, Dept. of Meteorology, N!T, Cambridge, MA 02139

ABSTRACT

A new planetary boundary lay.r parameteiization has been
developed. Tests have included fuorecasting experiments-

INTRODUCTION

Under the direction of Prof. [kio Arakawa, Randall (1976)
developed a new parameterization of the planetary boundary layer
(PBL) for use in the UCLA General Circulation Model (GCM).
Although the final version c¢f the model is still beiny tested,
preliminary versions have been in experimental use for sever-.l
years. The first applications have included climate simulations
for January (Mintz and Schlessinger, 1975; Schlessinger, 1976)
and July. More recently, a series .f forecasting experiments
have been performed for the purpose of evaluating the desirabil-
ity of incorporating various aspects of the model, i1ncluding the
PBL parameterization, into the Goddard GCM.

The purposes of this brief note are to describe the PBL
parameterization, and to discuss the forecasting experiments.

The Purposes of the PBL Parameterization

The PBL plays two critically important roles in the evolu-
tion of weather and climate. Fivst, it determines the rates at
which sensible heat, moisture, and momentum are exchanged hetween
the atmosphere and the underlying surface, and redistributed by
turbulence in the lower troposphere. In fact, we define the PBL
to be the layer within which these fluxes are significantly large.
But, as emphasized by Arakawa (1974), the PBL also strongly
influences the global distributions of both cumuliform and stra-
tiform clouds. Predictions of cloudiness and precipitation are
among the most important weather forecasting products, and the
central role of clouds and cloud feedback in the evolution of
climate is widely recognized. 1le have therefore made a particu-
lar effort to model the interaction of the PBL with clouds, as
well as to parameterize the turbulent exchange processes.

U ILb  NTeNTioNAsLY wam




The Basic Design of the PBL Parameterization

The surface values of the turbulent fluxes are parameterized
according to a slightly revised version of the methecd of
Deardorff (1972). The variation ot the surface transfer coeffi-
cients with stability and surface roughness are taken into
account.

We have adopted a new vertical coordinate in which the PBL
top and the earth's surface are both coordinate surfaces
(Fig. 1). The PBL then consists identically of a fixed number
of model layers. The upper layers of the model feel the effects
of the turbulent fluxes only indirectly, as a rewult of sha.-
lowing, in which PBL mass is shed into the free atmosphere, and
also through the effects of penetrative cumulus clouds growing
up from the PBL.

P=pp O0=-1 TOP OF MODEL ATMOSPHERE
(ISOBARIC SURFACE)

p=p; 0= 0 ISOBARIC SURFACE

p=p, 0= 1 PBL TOP

P=pg C= 2 EARTH'S SURFACE

77777777

Figure 1. The relation between pressure p and thre
vertical coordinate 0.

The PBL depth is a prognost.c variable whicn varies contin-
uously in time and space as a result of lateral convergence,
turbulent entrainment, and the occasional loss of PBL mass into
cumulus clouds. The turbulent entrainment process is para-
meterized according to the theory of Randall (1978), which
includes shallowing as a special case. According to this theory,
a certain fraction of the gross total rate of turbulence kinetic
energy production is available for partitioning between negative
production (as in the entrainment of warm air) and storage in the
newly-entrained air.

In middle ard high latitudes, the time-averaged PBL depth
is mainly determined by a balance beiween lateral divergence and
entrainment, while in the tropics it is mainly determined by a
balance between entrainment and the loss of PBL material into
cumulus clouds.

The Interaction of the PBL With Clouds

The mutual interaction of the PBL with cumulus cloud
ensembles occurs because the cumulus convective circulations
carry dry air, moisture, sensible heat, momentum, and turbu-~
lence kinetic energy up out of the PBL. The loss of mass tends
to produce a shallowing of the PBL. W: assume that the
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air rising irto the cloud: carrics the vertically averaged int.en-
sive properties of the PBL air, so that the vertically-averagad
intensive properties of the PBL air, i.e. mean potential -ampar-
ature, water substance mixing ratio, horizontal velocity, and
turbulence kinetic erergy density, are not influeaced by the
cumulus convection.

Because the cumtlus cloud air originates in the PBL, the PBL
exerts a powerful influence on the life cycles of the clouds.
This is particularly true of shallow clouds.

In rhe UC’A GCM, the value of Mp and the other properties
of a curmulus cloud ensemble are determined on the basis of the
theory ot Arakawa and Schubert (1974), which explicitly takes
into acconnt the dynamical interaction of the ensemble with the
PBL.

We also ccnsider the possible formation of a layer of stra-
tus, stratocumulus, or fog within the PBL (Fig. 3). The presence
of such a cloud laye: is considered only if the air at the PBL
top is found to be supersaturated. The layer clouds are recog-
nized by the radiescion parameterization of the model, and also
in the calculatir,n of the entrainment rate, in a way to be
described in tre next section. Precipitation falls from these
clouds only i{ the PBL mean relative humidity exceeds 100%.

Randall. (1976) has deriveZ a criterion for the evaporative
destruction of layer clouds by dry penetrative downdrafts. When
a layer cloud is found to be unstable in this sense, we allow
Mp to increase in such a way as to push the PEL top down to the
cloud base level after about two csimulated hours. The positive
values of Mp represent the loss of PBL mass into cloud fragments
which persist after the layer cloud has been destroyed.

The Forecusting Experiments

Although a primary purpose of the forecasting experiments is
to evaluate the possibility of incorporating the PBL parameteri-
zation into the Goddard GCM, it is not possible gimply to
transplant the PBL parameterization into the Goddard model,
because the parameterization is so thoroughly incorporated into
all aspects of the model. Therefore, the experiments have been
performed with a six-level version of the UCLA model. The
horizontal resolution of the model is 4 degrees of latitude by
5 degrees of longitude. Forecasts have been performed for 5
three~day periods in February 1976, and for 5 three-day periods
in August 1975. Results are compared with those obtained with
both the "standard" Goddard model and a version of the Goddarad
model containing the Hoffert-Sud PBL. Figures will be shown at
the or.l presentation.
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Paper No, 22

OPZRATION AUROROZONE: AN EXPERIMENT IN SUN/AVEATHER

R. A. Goldberg and E. Hilsenrath, Goddard Space Flight Center, Greenbelt, Maryland

ABSTRACT

Operaticn Aurorozone was a highly coordinated sequence of 33
rocket flights launched from Poker Flat, Alaska, in September
1976. The purpose was to study the effects of aurorally pro-
duced X-rays on stratospheric neutral and electrical parameters.
The sun/weather coupling between upper and lower regions of
the atmosphere is thought to be related to these middle atmos-
pheric parameters. The results reviewed show a consistent de-
pletion of ozone above 1 mb during three independent auroral
events, with magnitudes in excess of those expected from the
measure.. energy radiation sources. Simuitaneously, enhanced
conductivity changes were observed to occur in accord with the
measured ionizing radiations.

INTRODUCTION

In recent years there has been a gradual accumulation of evidence that high
latitude energetics in the upper atmosphere can perturb and modulate the structure
of the middie atmosphere, thereby inducing change in stratospheric and tropo-
spheric phenomena. The depletion of stratospheric ozune during a solar proton
event (PCA) has now been clearly demonstrated with Nimbus 4 BUV data (Heath,
et al. 1977). Furthermore, Thorne (1977) has suggested a cumulative effect of
equivalent magnitude induced by relativistic electron precipitation events (REPS)
an: Herman and Goldberg (1977) have demonstrated the effects of PCA’s and
cosmic rays on atmospheric electrical parameters, which may, for example, modu-
late the frequency of noa~tropical thunderstorins.

Operation Aurorozone represents the first concerted experimental =ffort to
trace the X-ray radiation emitted from high latitude energetic precipitating electron
sources, into the lower mesosphere and stratosphere; to study its direct effect on
key parameters such as ozone, conductivity, ionization, mobility, and the metcor-
ological structure. The operation included a series of highly coordinated rocket,
balloon, and ground instrument-supported measurements performed at the Poker
Flat Rocket Range (Fairbanks, Alaska) between September 20 and October 2, 1976.

A total of 33 successful rocket flights was launched during the two-week
period, including two Nike Tomahawks to measure auroral narticle und X-ray
energetic structure, seven chemiluminescent and optical ozonescndes, seven con-
ductivity and Gerdien probes to measure stratospheric electrical parameters, and
17 datasondes to measure temperatures, densities and winds. These flights weie
supported by five large balloon (0.25 to 1.0 million cubic foot) payloads to
measure X-rays, conductivity, and cosmic rays near 40km. In addition, four
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balloon c.onsondes were employed to measure ozone up to 30km. The nearby
Chatanika radar backscatter facility was alsc coordinated to predict, verify, and
map electron particle energetics during tne Nike Tomahawk flight periods. Tifteen
scientists from several universities and government laboratories participated in this
cooperative effort.

Figure 1 depicts the chronological logistics for Operation Aurorozone. Two
X-ray events of interest occurred on September 21 and 23. Each of these night-
time sequences was launched into moderately intense X-ray auroral event. The
results shown here wili demonstrate the magnitude of each zvent, and show the in-
duced change on the selected middle atmospheric parameters. We also note that a
third daytime REP event occurred on October 1, permitting comparison of day-
time C, before and after the event.

AURORAL ’ROPERTIES AND ENERGY DEPOSITION IN THE MIDDLE
ATMOSPHEF E

The electron density contour maps for each auroral event werz obtained by
the Chatanika radar facility (Vondrack and Wickwar, SRI International) during the
Nike Tomahawk flights. The iniensity of the auroral events is measured by the
magnitude of the electron density contours since electron density is enhanced by
auroral electrons. From this, we observed that the September 21 event was rea-
sonably intense during the early upleg portion of the flight (which is in the spatial
vicinity above where stratospheric soundings were made), but gradually faded to
non-auroral conditions down range. The September 23 event was more intense,
and extended down range beyond the downleg portion of the rocket flight. This
behavior was also observed with riometeis and visibly, with all sky cameras, at
Poker Flat and Ft. Yukon (200 miles down range).

The integral particle fluxes for electrons >15 and >40keV were measvred
with Geiger Mueller detectors (Goldberg and Jones, GSFC) on each Nike Tomahawk.
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This in situ measuremcnt verifies the Chatanika result, and also shows that the
more erergetic (>40keV) component of the electron flux sustained 2 greater in-
crease than the low energy component during the second event relative to the first
event. Fur‘her examination of the auroral ionosphere was obtained from pulsed
plasma riobes (Szuszczewicz, Naval Rescarch Laboratory), also flown on each
Nike Tomahawk.

Lach Nike Tomahawk also carried an upward-looking X-rav detector (Nal
sciniiliator) with energy discrimination in four channels between 10 to 40keV and
>40keV. Without special precautions such detectors are highly sensitive to con-
tamination rom energetic particles, and can be uscd only at those heights where
suitable screening of the particles by the -erlying aimosphers occurs. Figuic 2
compares, for the two nighttime events, i..c X-ray encrey depnsition in the atmos-
phere by 5-40keV bremsstrahlung X-rays between 80 and 30km (Barcus, Univ. of
Denver), with an extrapolation to higher altitudes. In studying these curves, we
note the X-ray penetration depth is proportional to X-ray energy. Hence, meas-
urablc energy deposition at lcwer altitudes implies an appreciable high energy com-
ponent in the bremsstrahlung distribution.

From the figure, we see that the Septembcr 21 event provided X-ray radi~
ation which peaked near 60km; the September 23 event was more intense and
peaked at a lower altitude. The ratio of the eaergy depositions as a function of
altitude (energy) demonstrates that the second event possessed a stronger com-
ponent at the high energy end of the distribution. in accord with the measure-
ments of the parent energetic electron distribution discussed earlier. Above 50km,
the ratio between the second and first event is about two.

MIDDLE ATMOSPHERE RESULTS
1. Ozone

The ozone results were obtained by both the chemiluminescent (night) and
opti.al (day) sounding techniques. Figure 3 shows the GSFC results for the O,
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Fig. 2-Energy deposition
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mixing ratio. The two nighttime profiles were obtained on 9/21/77, follow’' g the
first aurora! event, and on 9/25/77, which was used as a control quiet night
(Hilsenrath, GSFC). Also shown are profile points fer two daytime soundings
made one week later (Kcucger, GSFC). The results indicate an early nighttime O,
enhancement (which is expected on the basis of ozone production oy atosnic oxy-
gen attachment whea ‘he sun sets). They then show an O, depleti 1 to near day-
time values above 50'.m (1 mb) following the auroral event. Further verification of
this effect was found in the 1.vo chemiluminescent O, soundings (Randhawa,
Atmospheric S~ierces Laboratory) during the September 23 event. In both cases,
a significant depletion (more than 25%) wa: seen above 50km. The above :esults
are somevrhat unexypected, since energy arguinents using neutral choto~chemical
models cannot account for the observed depletion. Also, a stvd:s of the local
meteorology provided bv the datasonde soundings and satellite synoptic 1nans does
not appear to show any significant circulation or temperature variation which could
account for the observed ozcne change.

Finally, the daytime soundings before and after the REP have also displayed
a1l equivalent depletion conzistent in height and magnitude with the nighttime re-
sults. The REP event energetics are not yet available but are reo-ired for proper
interpretation of this result.

2. Atmospheric Electrical Paramerers

An example of the 2ffects of X-ray ionizing radiation is illustrated in Fig-
ure 4 (Mitchell, Uriv. of Texas at El Paso), which represents the sequence of three
conductivity soundings during the second cvent. The profiles at 2200 (before) and
0137 AST (durine) ;¢ made with blunt probes. The profile at 0220 AST (follow-
ing) was made with a Gerdien probe. This latter instru—ent measures conductivity
a.d ionization simultaneously, permitting an estimate of ion mohility, and aence,
ion size,

Below 50km, all three profiles are parallel and nearly equal, reflecting the
dominance of cosmic ray ionization in this region. The increased conductivity
above 50km is due to ion production by the X-rays and atmospheric chemistry.
The lower altitude of the ion ledge found on the second *unding is expected from
the X-ray measurement in Figure 2.
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SUMMARY AND CONCLUSIONS

Two moderate A-ray auroral events and one REP have produced adequate
radiation to strongly 2nhance conductivity and ionization and simultaneously cause
an apparent reduction in O, above 1.0mb. For the X-ray events, the energetics
appear inadequate to explain the magnitude of depletion, although new theoretical
work involving ion-neutral chemistry may help explain it. An attempt to repeat
this experiment is planned for March 1978.

The importance of such coordinated experiments lies in the ability to simui-
taneously study cause and effect relationships. These st-idies are essential for us tn
grasp the processes responsi! ie for sun/weather correlations. The magnitude of such
endeavors, with simultanevus studies in several disciplines, demonstrates the high
degree of sophistication and difficuity of performing such experiments. However,
without such experiments, it will be extremely difficult to evaluate the role of the
middle atmosphere as a buffer region for modulating, transmitting, and reflecting
energy inputs from above which are related to solar activity.
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A PRELIMINARY COMPARISON OF THE BUV GLOBAL OZONE BUDGET
INFERRED FROM TEE BUV ON NiMBUS 4 AND THE DOBSON NETWORK

Donaid F_ & ath, ;odoan! Space Fhight Center, Greenbe!:, Md.
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Paper No. 24

A SIMPLE ALGORITHR FOR INFERRING THE VERTICAL OZONE PROFILE
FROM SATELLITE MEASUREMENTS

R. W. L. Thomas, EG&G /Washington Analytical Services Center, Inc., Wel Research
and Development Group, Riverdale, Maryland
A_ C. Holland, Wallops Flight Center, Wallops Island, Virginia

ABSTRACT

A general methodology for establishing and testing
remote sensing inversion procedures has yielded a
simple procedure for inverting BUV radiances.

INTRODUCTION

Remote sensing inversion strategies have been applied with
increasing urgency to the interpretation of satelliie data in
terms of the properties of both the atmosphere and the surface
of the earth. Thus it is becoming increasingly important to
nrovide methods for finding and testing routines which can opti-
mize valid information extraction. Ome such procedure is to
model the satellite measurements through radiative transfer simu-
lation and test inversion strategies by comparing the results
generated ith those specified as the model inputs.

Algorithm Testing Methodology

During the past few years we have developed, tested and
optimized a Monte Carlo model of radiative transfer. The general
application of this code has been in the area of evaluvating the
information conteat of sky intensity and polarizations measurements
at various altitudes. The procedure we have established is to
plot some function of the predicted measurements against functiouns
of the desired stmospheric or surface parameters. All plots
which are single valued when performed for a number of different
input models iidicate a useful inversion strategy.

A striking exemple of the success of this philosophy is the
study of s‘asulation results for BUV radiances, when we found that
the prezsures at which the optical depth of the scattering path
reached unity were linearly related to the scaled intensities.
This immediately indicated a simple mechanism for describing the
vertical ozone profile in simple terms, as described below.

Evaluation of the Vertical Ozone Profile

The measurement of the intensity spectrum of solar ultra-
violet radiation backscattered by the earth and its atmosphere
has been exploited for inferring both the vertical ozone distri-
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bution and the total ozone. (1,2)* The fundamental concept cf
the profile determination is that the ozone layer inhibits pene-
tration of ultraviolet radiation into the atmosphere through ab-
sorption. As the wavelength increases from about 25004° ¢¢
3000A° the ozone absorption cross-section falls, allowing *he
ultraviolet radiation to penetrate deeper into the atmosphere.
In this way more scatterers become accessible to the incident
radiation, increasing the intensity of radiation reflected back
to the top of the atmosphere. Thus, the measurement of returned
Intensity at various wavelengths provides an indication of the
number of scatterers that can be reached by the solar radiation
prior to absorption by ozone.

For conditions under which multiple scattering can be ne-~
glected, the backscattered radiance I at wavelength A in a plane
purallel aimospheric model is given by:

F_(}) 1
- o -
10,6,8) = 7m=zp 51 Bx/; exp {-a(a,X(n) 1

+ an} dn,
where FO(A) is the extraterrestrial solar irradiance

S ig the scattering function (ncrmalized so that its

1 average value over a sphere is unity). For Rayleigh

scattering S, may be taken to be %’(l+coszw) where

11
P is the scattering angle.

BX is the Rayleigh volume atmospheric scattering coef-
ficient (atm.'l) for a standard atmosphere model

is the osone absorption coefficient (at:m.cm)-'1

X(n) 1s the amount of ozone in atm. cm, above the point at
which the fraction of the standard molecular atmos-~
phere overhead is n

and a = sech + seceo

where 6, is the solar zenith angle and 8 is the nadir
angle of the receiver.

The parameter n, may be thought of as a scaled value of the pres-
sure, p.
We now define the scaled intensity as

- 4mcosb I (k
Qk) ——_Ll?oo‘)sllsk 2)

*
Numbers in parentheses designate References at end of paper.
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(where K = a Oy in our notation) and assume that the vertical
ozor.e distribution is approximately evponential (,4) so that
we can write

a
() = cn@®/? 3)
where C and O are constants that specify the profile. The parame-
ter, 0, is the ratio of the ozone scale height to the atmospheric
scale height. Then, neglecting attenuation by scatterers and the
peneiration of radiation to the ground it can be shown that

Qk) = (k % T + o), %)

showing that fhe gradients of the plot of %n Q against &n (k) is
-0. For the BUV system there are six wavelengths below 3000A°
providing us wiih a six point plot per scan. This affords a
method of estimating o either locally (i.e., for each wavelength
of interest), or generally by establishing the best linear fit of
fn Q as a function of 2n(k).

The key step in our analysis was to relate Q to the point,
n(x), in the atmosphere at which the optical derth of the scat-
tering path through the ozone reached a certain value, x. It
can be shown (5) that

n(x) = x Q(k) )

indicating the pressure reference, n, above which the cumulative
ozcne is

X(n) = x/k. (6)

Thus, if we fix the value of x and compute n(x), the result is a
linear function of the normalized intensity, Q(k). This explains
the linear relationship discovered in our preliminary searches
for an inversicn strategy.

It is now important to determine an optimal value XopT for

the optical depth, x. The critericn we have established is that
the ratio of the computed n(x) to Q(k) should be insensitive to
errors in the estimate of the scale Leight ratio, 0. By (5) we

have that

n(k) x°

—ef

Q) - T(1+0) 0

and, setting the derivative of the right hand side w.r.t. 0 to
zero we obtain

*ort
where § is the digamma function. Now it can be shown by series
expansion (6) that Y(Z) is closely approximated by £n(2-1/2) so
that (8) becomes

= exp (Y(1+0)} (8)

x =g+ 1/2 (9)

OPT
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Typically, values of o between 0.5 and 0.6 seem to apply (4,7) so
that xgpr is normally close to unity. It is interesting to note
that the maximum of the influence function, representing the im-
pact of various points of the atmosphere on the measuremert, occurs
where x is equal to 0, so that the optimal penetration depth to be
evaluated lies somewhat beneath the influence function peak.

The data reduction procedure indicated by this analysis is
as follows. Firstiy, an estimate of 0 can be made employing re-
lationship (4). If the plot of &n(Q) as a function of &n(k) is
reasorably linear then the mean gradient mey be used as an indica-
tion of the scale height ravio, 0. Otherwise, a local value of ©
may be computed for each wavelength. Equation (9) may then be em~-
ployed to establish an optimal value for x and for each wavelength
a pressure reference. n, may be computed for a specific cumulative
ozone¢ amount given by equation (6). The results then appz2ar as
computed fractions of the staudard atmosphere corresponding to
optimized values of cumulative ozone.

For cases “n which the scale height ratio 1s constant the
error anaiys!: for the system is trivial since an error in an
iatensity trerslates immediately into a corresponding error in n.
A certain percentage error in Q(k) would result in the same per-
centage errcr ia the computed n value.

Results

In order to test the suggested procedure we modelled back-
scattered intensities for a plane parallel atmosphere and applied
the inversion technique to the computed intensities. We employed
analytical computations of single scattering and a Monte Carlo
simulation system (8) to compute the multiple scattering contri-
butions. Three ozone models were used with total ozone amounts
of 0.225, 0.337 and 0.459 atm. cms. The values of 0 which were
assumed to be independent of altitude were estimated to be 0,83,
0.75 and 0.54 respectively. The receiver w~as pointing at the
nadir and the solar zenith angle was taken to be 60° so that the
sum of the secants, a, was 3, and the optical depth, x, wes taken
to be unity, In Figure 1 we present the computed cumulative
molecular atmosphere fraction above the cumulative ozone refer-
ences, (a Gx)'l. The actual model atmospheres are represented by
the continuous lines and results obtained by the inversion of the
single scattering results are shown by the darkened symbols when
significantly different from the multiple scattering result. It
is clear that the procedure provided results in excellent agree-
ment with the input model for all wavelengths less than 3000A°.
For the 3019A° line it seems that a simple empirical correctfon
for multiple scattering may adequately correct the computed dis-
tribution when the ozone amount is high.

Figure 2 illustrates the results fcr & case where the scale
height ratio was not constant. Three sets of results are shown.
Firstly, we employed U estimates from the local gradient of the
(&n(Q), n(k)) plot and optimized values of the optical depth, x.
Secondly, we employed the same method for evaluating O but set x
to unity, and thirdly, we used the average gradient for ¢ and
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aguin set x to unity. ¥or the data at 3019A° and 3058A° we as-
sumed a correction could be made for muliiple scattering, the re-
sults shown being for single scattering only. It is cleay that
the local gradient method with optimized x provided the most ac-
curate inversion.

COMPARBON OF INVERSION PERFCAMANCES OF ARGUS A_STR TS
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FIGURE 1. COMPARISON OF INPUT FIGURE 2. COMPARISON OF INVER-

VERTICAL OZONE DISTRIBUTIONS SION PERFCRMANCES OF VARIOUS
WITH THOSE INFERRED BY THE ALGORITHMS
ALGORITHM

In conclusion, the proposed procedure represents a robust
and stable method of computing the vertical ozone profile. The
algorithm possesses the advantage of defining the information
available from the measurement set, and, while the local gradient
method is heuristic, it appears to work well over the cases we
have simulated.
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CLIMATOLOGICAL FEATURES REVEALED BY ESMR DERIVED
OCEANIC RAINFALL MAPS

M. S. V. Rao, Systems & Applied Sciences Corporation, Riverdale, Maryland
3. S. Theon, Goddard Space Flight Center, Greentglt, Maryland

ABSTRACT

Several new climatological patterns become apparent from the analysis of
satellite-derived global oceanic rainfall maps. Five interesting features are
briefly discussed.

INTRODUCTION

Thae Electrically scanning Microwave Radiometer (ESMR) hLas a selective re-
sponse to liquid water in the atmosphere. Taking advantage of this characteristic of
ESMR, it was possible to derive quantitative rainfall maps over the oceanic areas of
the globe from Nimbus 5 satellite microwave data. Weekly, monthly. seasonally and
annually averaged maps for the pericd December 1972 through February 1975 were
published in the form of an atlas (Rao ct al., 1576). The method adopted to obtain
rainfall values from satellite cbservations and the degree of reliability of the values
(in their absol\. .e and relative senses) are discussed {ully ir: that publicauon.

Analysis of these maps discloses many interesting aspects of global climatology.
The objective of the contributi. n is to describe five major features.

(1) The Chara_eristics of the ITCZ in the Pacific

Although it has been knowu Jor some time that there is a dry zone near the
Gilbert Islands in the Pacific (mean position 1°S, 174°E) flanked by wet regions to
the north and south (Seelye, 1950) the precise structure of the ITCZ in the Pacific
has remained obscure. Extensive observitions of tropical cloudiness such as those
compiled by the U.S. Department of Commerce and the USAF (1971), and by
3adler, et al. (1976) provide useful information on the subject to the extent to
which reliance can be placed on the rclationship between cloudiness and rainfall.
Rainfall values derived from the ESMR systeni, not only because of the more com-
plete coverage provided by the satellite but also because of the direct approach in
estimation, throw further light on the rain pattern. From the typical ESMR-derived
oceanic rainfall map shown in Figure 1, it is seen that as we move eastward along
the Equator in the Pacific, the rain belt of the ITCZ bifurcates in the ncighborhood
of longitude 170°E: the upper branch proceeds eastward, maintaining itself
slightly north of the Equator, whereas the lower branch runs east or southeastward
and merges with the southern Pacific rain zone (paih of storms) in the vicinity of
longitude 160°W.
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(2) Previously Unrecognized Rain Area in the South Atlantic

In the Atlantic, to the southeast of South America, there is an extensive area of
rainfail in the rcgion approximately between latitudes 25°S and 56°S and longitudcs
50°W and 25°W (see Fig. 1). This rainy region was not known before; it Goes not
appear on any existing map of globz! rainfall (e.g. Haurwitz and Austin, 1744),
probably because few ships traverse the area. This rain area revealed ir. boMR-
derived maps is possibly an extension of the southern Pacific rain zone mentioned
previously. In other words, rainfall in both the areas could be produced by the same
dynamical circulation pattern, the flow being modified and the rain-pattern inter-
rupted at the land protrusion of the South American continent and an area to the
immediatz west of the land. Furthermore, this rain area is in conformity with the
general global pattern of relatively dry regions close to the west coast of continents
and wet regions close to the east coast, where greater baroclinity due to increased
temperature contrast may be expected.

GLOBAL OCFANIC RAINFALL RATE (AVG mm/h)
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Fig. 1 -ESMR-derived global oceanic rainfall map,
illustrating the forking of the ITCZ

(3) The Bimodal Behavior of Painbelts in the Indian Ocean

Meridional profiles of zonally averaged rainfall rates in the Indian Ocean are
displayed in Figure 2. Two distinct rain maxima are evident in the tropics between
latitudes 2G°N and 20°S (apart from a third extra-tropical maximum « bviously
related to the polar front, far to the south at about latitude 40°S). Tie maximum
at northern latitudes appears to grow at the expense of the maximum immediately
to the south of the Equator as the monsoon advances, and vice versa as it retreats.
During June to August, the amplituc’e of the northern maximum is 3 times that of
tie other equatorial maximum, whereas luring December to February, the southern
tropical maximum grows in amplitude to 3 times the northern. This study leads to
a modification of the beliefs of two schools of thought in tropical meteorology,
one that the atmospheric monsoon current is a progressive advance over the Indian
Ocean from the Southern Hemisphere across the Equator to the Southeast Asian
land-mass, and the other that monsoon rainfall is due to moisture picked up entirely
in the Northern Hemisphere, mainly in the Arabian Sea. It scems necessary to pos-
tulate a circulation mechanism involving both the hemispheres, not necessarily de-
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manding a regular progression of the entire monsoon airstream from the Southern to
the Nortinern Hemisphere. but affectuing both in a coordinated way so as to sustain
the bimodal changing wave pattern outhined above. This question is important (ccn-
sidering that the monsoon affects the lives of hurdreds of milhons of people), and
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Fig. 2-ESMR-derived zonally averaged rain-rate
versus latitude - Indian Ocean

(4) Interannual Variation

The extent of variation of rainfall over the oceans from year to year has been
largely a mattcr of conjecture until the present time. The maps generated from
ESMR data provide new insight into this problem. A tvpical example is the rainfall
over the Pacific in the month of January of the yezrs 1973 and 1974 (Fig. 3). In
Janvary 1973, intens: rainfali occurrcd over a 'vide region all along the E~.uator
{between 0° and 8°N) and ziso io the south of the Equator (between: 170°E and
160°W). This was at the time of the El Niffc phznomencn (wann oceun current
attended with relaxation of upwelling along the coasts of Ecuador 2nd Peru), with
its disastrous effect on the plankton and fish ir tive waters of the Pacific off the west
coast of South America. In the corresponding moath of 1974 (non-El Niffo year) we
see that the region was relatively dry. The ratio of rainfall in the Equatorial Pacific
in the period Decembe: '73-February *74, to the rainfall in the period December
*72-February *73 is 1:6. Whether such variation is true for other El Niffo and non-
El Niffo periods can be determined only after satellite rainfall data for many years
are processed.

In any event, this is a distinctive example of rainfall anomayy. Investigations
of similar anomalies and their correlations are very valuable in weather as well as in
climatic studies.

(5) Low Southern Hemispheric Rain Intensity

Conventional meteorological observations over the Southern Hemispiiere are
sparse. Consequently, although meteorological phenomena occurring over that vast
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GLOBAL OCEANIC RA!NFALL RATE (AVG mm/h)
JANUARY 1973 JANUARY 1974

© 06 % et
Fig. 3—ESMR-derived Pacific Ocean rainfall maps for January 1973
(El Nifio year) and January 1974 (non-El Nifio year)

region ar2 of importance to the global general circulation, they are n- t well under-
stocd. ESMR data provides useful informaticn in respect of precinitation in the
Southern Hemisphere.

Figure 4 represents the zonal averages of rainfail over the Atlantic Ocean. From
a scrutiny of this diagram the following featu. ¢ is noticed. The polar front in the
Southern Hemisphere (around 40°S) is much weaker than its Northern Hemisphere
counterpart. The overall rain intens,., in the entire Southern Hemisphere is only
about 50% of that in the Northern Hemisphere.

The larger land masses in the Northern Hemisphere could certainly lead to
higher precipitation, especially over coastal areas. However, th= difference in rain
rate revealed by ESMR is much too large to be explained by this factor alone.
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Fig. 4—ESMR-d¢rived zoually averaged rain-rate
versus latitude - Atlantic Ocean
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ON THE INTERANNUAL VARIABILITY OF THE OCEAN ATMOSPHERIC SYS' EM

E. R. Reiter, Colorsclo State University, Fort Collins, Crlorado

ABSTRACT

Several feedback mechanisms between ocean and atmosphere
are discusscd, <thich seem to have a decisive influence
on the interi-aual variability of the atmesphere and on
climatic firc. uations of a time scale of 10 to 50 years.
Satellite requii.dents to monitor these feedback pro-
cesses are outlined briefly.

The North Pacific Cooling Trend

In a recent study (Reiter, 1977a) it was demonstrated that
the North Pacific north of 40°N has been subject to a dramatic
cooling trend within the past 15 years. This trend was
accompanied by a tightening of the meridional sea surface
temperature gradient in the region of t+- North Pacific Drift
and of the Gulf Stream into well-defined oceanic frontal zones
(Figs. 1 and 2). The subtropical Pacific has not changed its
temperature discernabley during the same time period. The
tightening of the meridional gralient of sea surface tempera-
tures (SST) suggests that the Pacific anticyclonic gyre has
increased its rotation velocity by a significant degree. From
Figs. 1 and 2 it appears that a large amount of cold water
appeared south of the Aleutian Islands during recent years. The
origin and 11fe history of these witer masses is yet unknown.
We suspect, however, that they are nroduced by upwelling.

Using SST records from the North Pacific which go back to
1900, one can identify several periods during which the SST's
have undergone significant warming and cooling trends. Com-
paring these trends to atmospheric temperature trends of the
northern hemisphere one finds a remarkable agreement. In Fig.
3 we have outlined schematically possible positive and negative
feedback mechanisms that might govern these oceanic and atmos-
phere temperature trends of _severe tens of years of duration.
In agreement with these hypothesized feedbacks we have identi-
fied a secular increase of the wind stress in the trade-wird
region during the last 15 years. At the same time, the curl of
the wind stress, which affects the mass transport in the North
Equatorial Current, alse has increased (Reiter, 1977b).

In order to keep a close watch on the climatic trends
which seem to be governed by North Pacific SST trends, satellite
surveillance of SST will be essential for many years to come,
The accuracy requirements will have to be 0.5°C or better, with
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adequate ground-truth calibration against available ship data to
safequard against sensor deterioration. Area resolutior at the

ocean surface can be of the order of 50 x 50 km for climatic
monitoring. Higher resclution would be welcome for studies in
"synoptic oceanography" and energy transfer calculations between
ocean and atmosphere. One should set a ten-year lifespan for
such a monitoring program as a target.

Anticipated economic returns of such an ST monitoring pro-
gram are manifold. We already know that North Pacific (and also
North Atlantic) cooling trends are reflected in the northern
hemisphere climate. We suspect that SST :rends in “he Indian
Ocean might affect monzdon precipitation ields over india. Sev-
eral studies have indicated that hurricane frequencies are tied
to low latitude Atlantic SST trends. Monitoring of these SST's
therefore, should be considered a priority task. The behavior or
trends of southern hemisphere SST's is virtually unknown.

Fisheries around the world most likely would be an appre-
ciative user of such data on a real-time basis.

Feedbacks with Tropical Precipitation

On a shorter time scale (approximately 1 to 4 years in
duration) we have demonstrated the existence of surges in the
trade-wind systems of botih hemispheres, especially of their v-
compenents.  Whenever there are anomalously strong winds blowing
towards the equator, the intertropical convergence zone (ITCZ)
intensifies over the equatorial Pacific, vielding above-normal
rainfalis (Iig. 4). Each geak in these equatorward v-component
surges is followed by an E1 Nino episode aiong the Peruvian coast
{Reiter, 1977¢). These surges are cut off by upwelii.g of cool
water in the equaigr:al Pacific. forcea Ly peaks in the curl of
the wind stress and resuiting “tkman puiping" (Reiter, 1977b).
Fig. 5 sketches possible feedback mechanisms responsible for such
surges in the trade-wind v-component. The release of latent
heat, which is abnormally high during such surges, appears tu be
reflected in northern-hemisphere mean temperature 1.ictuativic,
as well as in fluctuations of the zonal available potential
energy of the atmosphere. The latter parameter constitutes the
main energy reservoir on which the general circulation of the
atmosphere depends.

We suspect that the correlation between trade-wind behav-
jor and ITCZ intensity extends over larger areas than just the
central Pacific. A close monitoring of precipitation amounts in
the ITCZ {within 10% accuracy), SST temperatures in the tropical
oceans (0.2°C accuracy), low-troposheric winds in the tropics and
subtropics (0.5 m/sec speed, 5 degrees direction accuracy) and
low-troposhperic moisture content (20% accuracy) become essential
requirements. Again, a comnitment for several years of such a
monitoring program should be asked for. With a better quantita-
tive understanding of the feedback mechanisms shown in Fig. 5
there is the possibility of improved seasonal trend forecasting
in the northern hemisphere, perhaps by as much as a year ahead of
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time. A more accurate predi~+i~n of E1 Nific episodes might also
be expected, with the attendant economic benefits.

Snhort-Term Feedbacks

McGuirk and Reiter (1976) have discussed a 22- to 26-day
vacillation in the atmospheric energy parameters. Seigel (1977)
discovered a similar vacillation in the transfer of latent and
sensible heat from the oceans to the atmosphere. These transfer
vacillations appear to be strongest 1n regions of stirong oceanic
frontal zones, as for instance shown in Fig. 2. A significant
ocean-atmosphere coupling and feedback has to be suspected,
therefore, on a time scale of approximately 3 weeks. Since the
atmospheric vacillation discussed by McGuirk and Reiter is main-
ly evident in the behavior of the amplitudes and phases of
planetary long waves, we have hope that a better understanding
of sea-air interaction on this time scale might provide us with a
tool of extended-range forecasting in the temperate latitudes of
the northern hemisphere.

Data requirements in this field of investigation would be
SST's in middle latitudes to better than 0.5°C accuracy, measured
at least twice a week at any given location, low tropospheric
layer-averaged temperatures, measured at least once a day to 0.5°C
accuracy, and low tropospheric moisture content. Fall, winter and
spring are deemed to be the most interesting seasons for such
investigations. A measurement program should cover a: least 2 to
3 years of data, with heavy emphasis on several key peri
during each year, in which major changes in the energy fiLx
patterns from ocean to atmosphere occur or are anticipaced.
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Figure 1. Mean monthly isotherms of surface temperatures,
June 1963, analyzed in 2°C intervals.

X

Figure 2. Same as Figure 1, except June 1976. Nate the

tightening of the meridional SST gradient in the region of the

North Pacific Drift and the Gulf Stream between 1963 and 1976.
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oceanic large-scale circulation.
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diagram) and average v-component departure (positive)
for winds blowing towards the equator) of the trade
winds in che North and South Pacific, {solid line,
scale in m/sec on right side of diagram). The vertical
lines in the coordinate grid pertain to January of
each year. Seven-month running averaging has been
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arrows indicate amplifying [positive] feedback,
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Paper No. 27

NIMBUS 6 ERB SCANNER STUDIES FOR DEVELOPMENT Gr EARTH
RADIATION BUDGET SATELLITE SYSTEM (ER23S)

J. 7. Suttles, Langley Research Center, Hempton, Virginia
L. M. Avis, Langley Research Center, Hampton, Virginia
P. G. Renfroe, Vought Corporation, Hampton, Virginia

ABSTRACT

Studies based upon the Nimous 6 ERB scanner data have been
conducted to support the development of tne Earth Radiation
Budget Satellite System project. ine ER8 data were processed in
terms of Earth targets and angular bins and used to evaluate
currently available directional radiation models for the longwave
and shortwave spectral ranges. Results indicate that availabie
longwave models are adequate for the most part while available
shortwave models are inadzquate. An effort has been initiated
to develop improved shortwave models for various cloud conditions
and various surface types for cloud free conditions.

INTRODUCTION

In order to convert satellite measurements of the Earth
radiation budget into useful scientific information, it is
necessary to determine the radiation heat tlux densities at the
top of the atmosphere (30 km) for spatial scales ranging from
global to regional [Ref. 1]. Thus, data analysis techniques are
required. To obtain the desired accuracies for radiatiorn oudg.t
components it is necessary to have accurate directional radiation
functions or models for use in the data analysis. In the work
described in this paper, the very detailed satellite measurements
of the Nimbus 6 Earth Radiation Budget (ERB) scanner instrument
[Ref. 2] have been processed and used to evaluate available
directional models for Earth emitted longwave radiation and for
reflected shortwave radiation

ERB SCANNER DATA PROCE5SING

Data from the ERB scanner on the Nimbus § spacecraft were
processed for the month of August 1975 to determine the viewed
point locations and the corresponding viewing zenith and azimuth
angles and the solar zenith angle. The ERB scanner measures
radiance rrom the Earth-atmosphere system in both the shortwave
reflected (0.2-4.0um) and longwave, emitted (4.0-50.0um) spectral
range with an effective nadir resolution of about 100 km. To¢
evaluate the radiation characteristics of various surface and
atmospheric features the Earth's surface was described by a gvid
of 2070 target areas, each equivalent to 4.5° » 4.5° at the
Equator which corresponds approximatcly to equal area targets
of 500 km by 500 km size. The targets were categorized from atlas
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infecrmation in terms of various surface types: snow, ice, water,
jungie, forest, and desert. The targets were described by the
parcentage contribution of each of the surface types to the over-
al1 target characteristics. In each of these target areas, the
ERB scanner data for August 1975 were accumulated and averaged

in angular bins. The angular bins were defined by equal incre-
ments of the cosine of the zenith angle, for both viewing

zenith and solar zenith, and by 45° increments for the azimuth
angle. The azimuth angle was defined relative to the Sun-
target plane and symmetry about this plane was assumed. This
scheme was used for the shortwave analysis but the longwave

data were assumed to be independent of the Sun angles and the
viewing asimuth so that only viewing zenith bins were considered.

RESULTS

Longwave

Longwave data were processed for all target areas over the
globe and results were used to determine target radiance distri-
butions _..d heat flux densities. To evaluate radiance distri-
bution models, da*a were uzed only for targets which consisted of
a single surface type. As an example, longwave results for
several areas identified as furest regions end normalized by the
nadir (zenith = 0°) value are shown in Figure 1. These data
along with similarly processed results for the other surface
categories were used to generate the results showr in Figure 2.
Here data representing the mean limu darkening curves resulting
from the ERB data are compared to 1imb darkening curves derived
from analysis of Nimbus 2 data [Ref. 3]. The Nimbus 2 results
are shown in the form of a nominal or average curve and upper and
lower 1imit curves which describe variations over a variety of
conditions. It is seen from the figure that the ERB derived
results fall within the limits of the Nimbus Z results, with one
notable exception, and is in general agreemen: with those results.
The exception is for snow targets in the south polar region where
the well-known polar temperature inversion probably accounts for
the 1imb brightening obtained for these cases. This effect will
be the subject of continued study. However, it is concluded,
in general, that currently available longwave models are adequate
for data analysis purposes [Ref. 4] even when no effort is made
to screen the data for cloud conditions.

Shortwave

The reflected, shortwave directional radiance distributions
present a much more difficult problem since the data must be
processed in terms of three angular variables: viewing zenith,
viewing azimuth relative to the Sun's azimuth, and Sun zenitn.

It was necessary, therefore, to accumulate and average these data
in bins of all three of these angles and as a result data for
only selected, representative targets have bzen processed and
analyzed. As an example, data from a particularly cloudy region
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over South America have been plotted in Figure 3 for azimuths
near the solar plane and a solar zenith angle near 40°. Here the
Stratus and Stratocumulus models derived from airborne measure-
ments [Ref. 5] are compared to the ERB scanner data. Ar albedo
of 0.38 was selected for the models by matching the Stratocumulus
model nadir value to the aprarent data nadir value. This
comparison is typical of *ie results obtained for a varietv of
comparisons, i.e., for some surface conditions and angular ranges
the models are in good agreement with the ERB data but in other
cases significant deviations are found. For exampla, these
results show that thz models correlate well with the data in the
backscattering (BS) region but deviates zi forward scattering
(FS) zenith angles above 30°. In z2daition significant variances,
about the mean values plotted, were noted and inspection of
histograms revealed that inis effect is apparently caused by
varying clcud patteris. As a result. 2. effort was initiated to
develop improved reflected shortwaije bidirectioral radiance models
including separation of data into cloudy and clear conditions

for various surface *ypes.

Preliminary “mpreved Shortwave Models

Using water ragions as a backgrournd surface, locations
were idertified where conditions were either totally ciear or
totally cloud covered during the times for which ERB data are
available. This identification was made in a subjective process
of visual .eview of the SMS photographic images for the local
times of ERB coverage. The accumulation of these results over
August 1975 are shown in Figure 4 for the solar plane and for
solar zenith angles less than about 26° (i.e., cosine of zenith
between 1.0 and 0.9). The Stratus cloud model [Ref. 5] for an
aibedo of 0.47 is compared with the ERB cloudy scene data. The
FRB ciear water scene data are shown and compared with a
Lambertian model with an albedo of 0.13. It is apparent that
improvements in the present models are necessary and that several
models will be required to satisfactorily fit the directional
radiance characteristics of the various surface and atmospheric
features present on Earth.

Initial efforts have been made to develop the required
improved shortwave directional models. The cloudy and clear ERB
data sets., partially shown in Figure 4, were fit to a spherical
harmonic expansion over the zenith-azimuth angular space for the
upward facing hemisphere of a target point. A portion of these
resuits for the cloudy data and for solar zenith angles less
than 26° in the solar plane are shown in Figure 5. The spherical
harmonics fit is shown as the soiid 1ine and it is pointed out
that this fit is based on a minimization of ‘he difference
batween the spherical harmonic functions (twelve term expansion)
and the data over the entire hemispherical space.

The albedo computed from spherical harmonic fits for
various sular angles are plotted in Figure 6 along with calcula-
tions of Hunt [Ref. 5]. Hunt's calculations are shown for
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moderately thick clouds (optical thickness of 20). The ERB cloudy
data are ‘n excellent agreement with Hunt's resuits. The high
data point obtained for the largest solar zenith angle for which
results were available rec<ulted from a relatively small number of
measurements. As a rezdlt the formal standard error, shown by

the bar on the figure, is quite high. Evyor bars for the other
points are within the size g the plotting symbols and therefore
have 7ot been showi.

CONCLUSIONS

Both longwave and shortwave ERB data have been analyzed.
The validity of the Nimbus 2-based limb darkening cuives have
generally been verified for the longwave data with the exception
of the Antarctic snow fields where Timb brightening was found in
the ERB data. Correlation of the shortwave data with cloud models
derived from airborne measurements showed promise yet illustrated
the need for improvement. The spherical harmonics technique
appears to be a useful method of fitiing the FRB data to generate
improved models. Further application of the spherical harmonics
approach along with development 5f a cloud screening algorithm
are being pursued in continuing studies with the ERB data set.
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SAMPLING ANALYSIS FOR THE EARTH RADIATION BUDGET SATELLITE
SYSTEM MISSION

E. F. Harrison, Langley Research Centc , Hampton, Virginia
{ G. G. Gibson, Vought Corparation, Hampton, Virginia

ABSTRACT

A study has been conducted to identif,- probiem=z
related to sa.pling the Ea¥+h's radiant energy budget
and to define a satellite svstem with sufficient
sampling to satisfy science reguirements on glcbal,
zonal, and regional scales.

INTRODUCTION

Values of Earth albedo and longwave emitted radiation vary
significantly with 1<csl time, geographical location, and season.
Over the globe, albedo changes as much as 300 percen. ana 'ong-
wave radiation varies as mucn as 100 perce.: (Vonder haar. 1966).
The season of the year also has an important effect cn tne
radiation at a particular latitude. All of these var.aiimns
demonstrate the importance of making rediation reasurements at
all latitudes and times of the year. Furthermore, the diucnal
variation of radiation is relatively uaknown.

ANALYSIS AND DISCUSSION

Various numbers of satellites and orbit inclinations have
been analyzed to define the satellite combiration that provides
sufficient coverage of the Earth for spatia’ and tempcral
radiation sampling. Illustrat.ons of lrtitude coverage or samp-
ling as a function of local time are presented in figures 1 and
2. These results are for a typical 30-day period, which is
consistent . *h t%e science requirements.

A nomina: altitude of 60C km was selected for the SO° in-
clination orbit berause it provides & 2- to 3-year lifetime and a
revisit cycle over Earth of 3 days so as to observe each area
from several angles. Sampling coverase for the 98.7° inclination
orbits wae based on the nominal TIROS~-N orbtit of 833 km altitude.
The satellite sensor complement includes » scanner, a weaium and
a wvide field of view radiometer. Although t.= wide field of
view sensor covers from hori-on to horizon, only a 10° great
circle of arc on Earth (e.g., 10 latitude and 10° icngitude at
the equator) was usea in defiring its coverage and sampling
capability. The reason for using the 10° angle is twofold: ()
It is commonly employed to provide reasonzhle approximaticn ror
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—%u~" inclined satellite orbit provide good overall coverage.

deconvolution of radiation lata trom satcllite altitudes to the
top of the atmosphere (about 30 km); (2) It is approximately the
size of the geogrephical griil proposed fur the resolution of the
radiation data on a regiocnal scale using the medium field of
view sensors.

Figure 1 shows hourly la.itude coverage provided by two
Sun-synchronous {i = 98.79) citits with equatorial crossings at
0890 222 i50u hours. The variation in density cn this figure
indicates the number of times a particular latitude band is
covered at a given local time {the greater the density, the more
times of coverage). Near-polar latitudes are covered during
nearly all times of day. However, low ond middle latitudes are
c¢nly covered cduring the equatoriel crossing hours. Thus, there
are large gaps in hourly latitude coverage for Sun-synchronous
orbits. More complete coverage can be achieved by covering
r.early all the low and middle latitudes at each local liour by
a'ding a single satellite at mid-~inclined orbit of about 500 with
a faster orbital precessing rate (see figure 2). Thus, an
opiimum satellite mix for sampling is a combination of high and
midile inclinatioms.

To evaluate this thesis, a figure~of-merit paramcter which
is tased on a product of geographical area (not just latitude)
and local time coverage was used to compare the various satellite
c¢roit capabilities. Included in this comparison was the effect
on ccverage of natural orbit variations. The results are shown
in figure 3. As can be seen, two Sun-synchronous satellites
toget.rer provide an area-local time coverage of less than 30
percent. By combining them with one 80° inclined orbit, the area
local time coverage would be incressed to only f0~68 percent.
Unfortunately, 3 months are required for the 820 inclined orbit
to precess through all local times. Meanwhile the Sun's
declination will have changed appreciably thus making separation
of diurnal effects from secasoual effects difficuir, and will also
result in biases in the monthly averages. Two Sun~synchronous
satellies and u 30° inclined orbit have an srea-local time
coverage of T71~73 percent; hovever, the midlatitude coverage is
woi. The most effective coverage can be obtained by coxoining j
the two Sun-synchronous satellites with one 50° imclined i
satellite. The area~iocal time coverages for this combination is :
85-8T7 percent and the low and mid-latitudes are well covered. ]

An evaluation of scanner coverage was alsc conducted. Off- ’
track scai modes provide better space~time coverage tham tnc '
along track scan. Figure 4 compares cross track scanner coverage
for seversl satellite combinations in terms ot ihe capability of |
covering.vieving zenith, 8, viewing azimuth, ¥, and solar zenith, i
g,angde? Again, the two Sun-synchronous satellites with one i

!
'
i

In order to further evaluate the capability of the
recommended satellite combination (1 = 98°, 989, 50°), a simula~
tion model of the Earth's radiation field cdeveloped by Campbeil
and Vonder Haar (1973), wvas used to calculate the satellite
radiation results shown in figures 5 and 6. Monthly average
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zona® emitted energy (figure S) and reflected energy (figure 6)
as a function of latitude for the three-satellite, mediur field
of view cystem are shown to compare well with the rererence
values, which were established by assuming essentially unliziled
{i.e., 21} suateilites.

The modc radiation field was further used to celculate thuc
accuracy of results on e regional scale. Figure T presents the
results of these analyses for regions av ihs egquator for 1 month
(May). Accuracies in reflected energy values from 6 to 20 per-
cent and emitted enerygy accuraciez of about 3 percent were
estimated for the 50° inclined ortit saicllite. “nly a slight
improvement is achieved with the addition of the two Sun-
synchronous satellites. Of course, these two satz2llites do
provide the only coverage of the higher latitudes. Correlations
of the radiaticn field between adjacent regions or witn time
have not vet been carsidered,

Recent sampling studies are refining the expected accuracy
of the three satellite system for regional resolution by study~-
ing the variability of the scene using clouu-cover statistics.
The magnitude of measurements of reflected solar radiation
exiting the Eartheatmosphere system is strongly dependent on the
ancunt of cloud cover in the radiometer field of view. Reflected
shortwave radiation is directly related to cloud cover since the
albedo and angular reflectance characteristics of clouds are
usually quite different from that of the underlying surface.
Figure 8 presents a summary cf the results showing the minimum
and meximum accurecy limits (standard deviation of the mcan) in
equatorial regions for each month. It i: apparent from the
figure that the regional radiation budget mcasurements at low
latitudes is being performed almost solely by tuc S0° inclined
satellite; however. the two Sun~synchronous satellites ccwplcwent
the system by providing the measurements at mid and high
latitudes. The results of figure 8 are worse-case analyses
assuming no priori knowledge. Persistence of cloud cover,
correlation between regions, and refined knowledge of the diurn~l
cycle which will be established by this mission should allow a
determination of regional radiation budget of better thzoa 5 per-
cent, or a reduction of the maximum errors shown ir rigure 8 vy
a large factor.

CONCLUSIONS

Based on the results o’ ithe sampling studies, two 98° in-
clined orbiiz coupled with the 50° inclination orbit appear to
satisfy the scleare requirements for regional resolutions, zonal
resclutions, equator-to-pole gradient, and global recolutions.
The ROAA Sunesyuclionous saicllites in the TIROS-N series could
adequately cover the high latitudes ang an FPRSS/AEM satelli.e
having an inclination of 50° could provide sampling in the mid
and low latitude areas where variations in radiaticn encrgecics
are most dvnamic.

155




*suoiBas wy 062 X 06¢ A3TTIqEdER *o0T = VOF ¢84®p 0f = 3 (006 = T) WAV
938BI9A0D THUOTIII JDUUBDS WOBII~ES0I) - f 'FTJ Pus (Q0ST) SOMIL (00Q0) SOHIL °S33TTT33eS )
93JYy3 J03 938I9A00 TBUOZ IPN3IaBI-TeRIOdW: 2 814
‘930 3QNLILYT
f Y A L4 T |1|l|||l4.ll.<|ln<|.|_ QN
X /4‘\.\ Nomososs {0
O e
\ 7% any
0 SNIS :%% 030
40 INIJ¥3d
o 00i< * g TR
(0051YS08H) 001-62 ©
3 (0080)S0N11 05 - —
(PS-1M3Y S31 1INNLYOddO
Y0
*SITOT3BUTQUWC Y 93TTT9388 SNOTJIBA JO ) . . ~
£3111qed + Buitdwes Jo uostuedwoy - £ *Iyy 00T '= VoI ‘sfeo 0 = 3
) ‘(00ST) SOM.'L Pue (0080) SOHIL *E93TTL™IEF
\(\nfl\/ \m‘,. $3LM3LvS 40 'ON NA} 40 9FBIFACD TBUOZ Ipnyy3er-reacdmLl - T *I1d
08 0s 0c
¥ 8 8 1] 11 ¥201
1) 96 8 86. 930°) 9 8 o uzw 9 0
0 %:
=102
IN3J¥3d i o€ -
=07 "29V4IAQ) +
Wil it Hc 530
1% v 7 20011
-VyvY 00i< - 3 doe
—og AMINOW 0l- © 03
- Q| —~ . »
SNOILIVI¥YA 1i830 WaNIVN &2 ~ 00 S3ILINNLNOddO 06

156



*sfep Q¢ = 3 °SOTISTIVIS
pnoTo jo Buirdwes uo paseq Adeanddw
uoTYBIPB.L TBUOCTIZAA 18IJI038NDa Pa31ddTray - § ‘ITd

¥VIA 40 HINOW
¢ NO S VY T T W VYW J T

SNDI93C TIVI | P R AL 0
403 WRWINIW! .zoEqu.__
ol 11VI0vY
031031338 NVZW
SNOIOI TIV === \ ATHINOW 10
T I NG 02 AINIVI¥3OND

(005150311 % (00BOISOY 11 ‘(o0S= WAV~ -

(DS MY —

*Aey ‘sfep OF = 3
*@3up £-snquiy psrjrpom Jo Burrdwes
uo pasiq £78IN00B UOT3BIPBL TBUCTIY - L 314

¥Is 1S VISINOON! _ ¥II43¥
s WY Ens——— —Zmm
(oI X g} SN31034 ¥IY0LVNDd
% 0 9 8 a9 |
mmoocomoomoooooooooooooooooooomoooo ]
| ]
L et mE4 g IN3DY3d
Sg;°  Sgpudgy B8E B3 g| NOLLYIOVY NYAW
Bg8 0z ATHINOW 4
{oDSIWIV QILLIW3 © AINIVIHIONA
(001 1S0Y11 % 100801011 ‘lg0S='MBY QILDTNY ¥ 0c

{gDS=I W3V C210T3Y ©

* $3USWIIANSBIW UOTIBIPBI TBUOZ
ATy3juow pa3dsTyax pajeTnuis - 9 Iy

Z9IM NOLIVIGYY 43DTN438 JOVHIAY

2 o s 05 R 0
T 1 T T T y 06
\\t
\\\ - o>
(D61 WAY ;
R (00511081 ~ 44
"(00801SOY 1 L I '930
SLITILYS ~ + . 30411V
INIR - -7 ~ s ¥
\\O\
e - 06

157

* £QUSWSINSIIW UOTIBIPBI T[BUOZ
ATyjuow Pa33TWS PaIsTMWIS - § *FIg

UM 'NOILYIGVY QILUIWI 39VHIAY
134) 0l St 05 2 0

71 LI T 06
2
\\\\ - 5 o
R {00511S0% 1L
. % (0080SO¥1 ! _
> ___lodS=1MaY 0 0aq
.u, SIUTAYS £ + ‘3001
e NN - ] o
IO' .
i J o




N79-20603

Paper No. 29

STRATOSPHERIC AEROSOLS AND CLIMATIC CHANGE

James B. Pollack and Owen B. Toon, Mail Stcp 245-3, NASA-Ames Research
Center, Moffett Field, CA 94035

ABSTRACT

The affect of stratospheric aerosols on climate
is considered using an aerosol meodel and a rad-
iative convective 1-D climate model.

Stratospheric sulfuric acid aerosols form a 20 km
thick layer centered near 20 km aiticudce composed of
particles arcut 0.1 pym in radius. The layer has an -3
unperturbed optical depth at 0.55 um of about 5 x 10
(1). Due to the smalil optical depth, the ambient aero-
sols are not a significant component of the Earth's
climate system. However, large volcanic explosions
increase the number and size of the stratospheric par-
ticles so that their optical depth becomes large
enough to create both obvicus optical effects such as
brilliant sunsets and diffraction coronas and signifi-
cant changes in weather and climate. Volcanoes may
have been responsible for severe weather during a num-
ber of individual years (i.e. 1816) as well as for
long periods of cocler weather (i.e. the little ice

age 1500--1900) (° .. Volcanoes represent the only
known nacural pzv: .ion source co the layer. How-
ever, human activi:-: . 1lso might alter the layer.

Since the ambient layer is believed to be created from
S0,, 0OCS, and small nuclei, which the sulfuric acid
pagticles require for their initial formation, any
source of these materials must be evaluated for its
impact on the aerosol layer. High flying aircraft
supply both SO, and soot particles, while space
shuttle engineg supply Al,0, particles directly to the
stratosphere. There 2re glgo tropospheric sources of
OCS and SO. although the strength of these sources is
poorly knoén.

Our initial work (2,3,4) showed that direct vol-
canic injection of particles and SO, was undoubtedly
of climatic significance. Figure 1°shows calculations
of the change in surface temperature for H2504
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particles of a single size, typical of unperturbed
conditions, but variable optical depth, and for basal-
tic glass particles of a constant opti:al depth, but
variable size. The calculations were performed by
first calculating the solar energy deposited in the
Earth's unperturbed atmosphere using a doubling rou-
tine including both aerosol and gaseous absorption and
scattering (2.3,4). Then an elaborate infrared rou-
tine including aerosol and gaseous ahsorption and emis-
sion was used to find the infrared energy emitted to
space for various temperature profiles of fixed shape
but variable surface temperature. By equating the
total solar energy absorbed to the infrared energy
radiated to space, 3 surface temperature was fixed.
The calculations were then repeated under perturoed
conditions. The difference between perturbed and
unperturbed surface temperatures is an indication of
the temperature change that might actually cccur after
an eruption. Of course, the climate system is too
complex for a 1-D inodel, neglecting feedbacks and time
constants, to accurately predict the real temperature
changes. Howeve., we did find that, with a crude con-
sideration of relaxation times, our calculations were
in good agreement with observations after single erup-
tions (2). 1In comparing our calculatio.s to observa-
tions we assumed that the H250 curve of Figure 1 was
relevant. Observations sugges% that large ash parti-
cles are only important during the first few months
after an eruption. Figure 2 shows that, with these
assumptions and using observed volcanic activity, vol-
canic particles have been the dominant factor control-
ling hemispheric mean temperature during the last cen-
tury. Prior to 1915 a large number of eruptions occur-
red and depressed the temperatures. After 1915 erup-
tions ceased and the Earth warmed up. The CO, green-
house effect was less important than volcanic®dust
during this period.

Due to the considerable importance of these find-
ings we have tried to improve the weak points of our
earlier work. First our early work assumed a fixed
temperature profile. We now use a full radiative-
convective calculation of the temperature profile.
Second, we had assum:d that the size of the acid aero-
sol was fixed, but now we use an aerosol model to pre-
dict the acid particle size. There are no observa-
tions of acid aerosol size distributions after a large
eruption, but, as shown in Figure 1, the sign of the
temperature change can depend upon the particle size.
Hence calculating the size distribution is an impor-
tant improvement. Finally, we had not been able to
consider the interaction of acid and non-acid
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particles, but now we can use the aerosol model to
include both particles. For many problems (e.g. space
shuttle exhaust, ref. 4), th2 direct ‘njection of non-
acid particles, assumed not to interact with the stra-
tosrheric aerosol particles, is not significant

because of the small optical depth of the injected par-
ticles. However, if large numbers of small particles
are injected, sulfuric acid can be nucleated by the
small particles and grow to create numerous large par-
ticles which can have large optical depth.

There are several techniques for performing rad-
iative convective calculations. Most of these use a
time ..arching calculation which requires hundreds of
iterations to converge. Such techniques are very
costly so we have devised a matrix inversion technique
that converges in only 3-4 iterations. The other
major advance in our work is the aerosol model (5,6).
This model is a coupled 1-D chemistry-aerosol physics
model extanding from the ground to 60 km. 1In the
model SO, and OCS diffuse upwards from the tropcsphere
as do smgll particles. The sulfur bearing gases under-
go photochemical reactions 1leading to H SO4 which
nucleates the small particles. The particles then
grow by adding H,SO, and H,O, coagulate, sediment, dif-
fuse and, at higﬁ aititude , evaporate. Using obser-
ved SO.,, OCS, and tropospheric particle concentrations
as bou%dary conditions the model produces results that
are in excellent quantitative asgreement with measured
si - distributions >nd concentrations in the strato-
sphere. We are now using tuae model to investigate
various perturbed conditions. Fig. 3 presents size
distributicns calculated after a simulated eruption
whose magnitude was comparable to that of Agung in
1963. We assumed the volcano injected SO, but no ash
particles. 1In Fig. 4 we present the largé particle
mixing ratio for a calculation in whicii we simulated
50 and 500 spac- shuttle flights per year. The space
shuttle calcula. .on involved the addition ©f uany
small non-acid particles to the stratosthere.

Figure 5 shows the calculated temperature changes
following “he volcanic eruption using the size distri-
kutions znd number densities calculated in Fig. 3.

The magaitude of the calculated temperatur: decrease
at the ground is in good agreement with our earlier
studies in which we fixed the temperature profile and
assumed a small particle size. In addition, the new
calculations show that the stratosphere warms after
the er .otion as predicrted earlier and as observed (3).
Also shown in Figure 5 is a calculated temperature
cnange in which the aerosols are omitted in the
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infrared calculatiun. The results shcw that the stra-
tosphere is warmed by aerosol absorption of upwelling
infrared energy, not by absorption of solar energy;
and, that the infrared effect is to warm the ground
and must be included to obtain a good estimate of the
net surface temperature change.

The space shuttle calculations of Figure 4 show
only a slight modification of the layer. The change
is due to the addition of Al,0, particles which serve
as nuclei for H,SO, particleS.” The H SO4 particle
size distributign éhanges very little“due to the added
particles so Figure 1 may be used to estimate the tem-
paratnre changc, The nominal 50 shuttle flights per
year increase the number of large particles in the
stratosphere by about_}O% so the perturbation optical
depth is about 5 x 10 ghich produces a temperature
change of less than 0.01°C. Even if 500 shuttleg per
year are flown the A1 will g@nly be about 5 x 10
yielding a AT of about 0.04°C. More sophisticated
calculations of the climatic effect of space shuttles
as well as SST's using our new radiative transfer
scheme and the aerosol model results are in progress.
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MT. AGUNG ERUPTION PROVIDES TEST OF A GLOBAL
CLIMATE PERTURBATION

-~

J. E, Hansen, 'W. C. Wang and A. A, Lacis

ABSTRACYT

The Mt. Agung volcanic eruption in 1963 ais
used as a test case to examine the climatic
response to a global-scale radiative perturba-
tion of the earth’s atmosphere.

INTRODUCTION

Paciative perturbations of global climate represent a
very brcad class of mechanisms for natural and man-made
climate changc. Examples are changes in atmospheric
gaseous ccmposition, such as CO,, water vapor, ozone,
freons, and other trace constitaents, changes in the
atmospheric aerosol content, such as by volcanic emis-
sions or man-made pollution, changes in the surface
albedo of the &arth and changes in the flux of incoming
solar radiation.

A large volcanic eruption provides an e:cellent oppor-
tunity for a case study of the response of the climate
system to a global radiative perturbation, including a
chance to test our ability to model and understand the
nature of the climatic response. Volcanic aerosols,
spread globally by stratospheric winds, provide a per-
turbation for whicn the forcing function is reasonably
well knowr and for which the climatic response should
be rapid enough and stroiug enough to be measurable, at
least in the cases of the largest eruptions.

AGUNG ERUPTICN

The eruption of Mt. Agung on the island of Bali (8°S,
115°E) in 1963 was one of the most spectacular volcanie
eruptions in recent history. The eruption column ex-
tended into the stratosphere, where it deposited aero-
sols and gases, inclvding sulfur-bearing compounds.

The latter are believed to lead to the formation of sul-
fate aerosols, a major component of the stratospheric
aercsols, through gas-to-particle chemical reactions.
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Although there have been larger volcanic eruption< than
Agung during the last few centuries, for exarple, Tam-
bora in 1815 and Krakatoa ir 1883, Agung occurred at a
time when tropospheric temperature measzUrcimcn.s were
cbtuined, accurate measurements of the aerosols optical
depth were made at several observatories in both hemis-
pheres, and there was direct sampling of the composi-
tion of the stratouspheric aerosols.

The global spread of the aerosols due to Agung ccu'd br
tracked by mecns of their optical effecls. As a r:sul
of the vrevailing stratospheric wiands the aerosolg
girdled the globe east-west within a fow weeks, and
within several months they had spread to all latitudes.
The most reliable estimate of the aerosol optical depth
is provided by the increased extinction of starlight
measured at astroromical observatories, which indicated
that in subtrepics and midlatitudes of the Southern
iiemisphere the added aerosol optical thickness for wave-
lengths .0.5 um had A peak valrue of 0.2-0.3 from 21gqust
to November 1963 and was still substantial (-0.1) by
mia-1964.

CLIMATE MODEL

;.» a first approximation for the expected thermal re-
sponse of the atmosphere to the increased aerosol
amount, we huve computed the vertical temperature pro-
file with a one~dimensicnal radiative-convective model.
The basis of the method is to compute the local radia-
tive heiting and cooling rates for solar and thermal ra-
drat o at each altitude to determine the changing tem-
pey ue.  rofile with a Lime marching procedure. At

ar P 2 where the computed temperature lapse rate
iz *..pe. than a preassigned maximum value (-6.5°K per
kiloweter), it 1s assumed that convection occurs witih

4 vertical energy flux just sufficient to yield that
preassigned maximum lapse rate. The relative humidity
is kept fixed. Averaging over clear and cloudy regions
1s performed at each time step before computing the
<nergy balance; climatological perceniages of high,
mediwn and low clouds are empluyed, and it 1is assumc)
that the cloud-top altitude remains fixed- A thermal
inertia appropriate for the upper ('mixed') layer of
the ocean is included 3¢ the csurface.

This 1-D mode’ was used to compute the expected :tempera-
ture effect at low latitudes, where the perturbed aero-
sal amount was the largest. The atmospheric tempera~
ture prorile was computed for a ‘control’ case with the
normal aerosol ncdel rroposed by Toon and Pollack (J.
Appl. Meteorol. 15, 1976,) which has sea salt, so0il
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{hasalt) and sulfate particles in the troposphere and
swfate {75% H,S50,, 25% H,O in solution) in the stratos-
phere with t%a gtratospﬁeric aerosol opticali depth
0.005. Stratospheric aerosols were then added to this
background model, with the vertical distribution of
the additional agrosole kheiny 20% in the region from
22-26 km, 60% in 19~22 km, and 20% in 16-19 km, in or-
der to approximate the distribution c¢f the Agung aero-
sols. Th: comprosition of the added aerosols was as-
sumeqd to be sulfuric acid, excebt as indicated below.
The size dastribuation of the added aerosols was taken
as rie same s for the '.aormal' stratospheric aerosols,
with the effective radius of the disvribution n.2-0.3
«f; 1nitially a substantial amount of larger sized
'aust' particles was present, but in the several weeks
required to produce aerosols over & lavge .raction of
the globe the mean size decreased to a few tenths of a
micron.

RESULTS

Figure 1 shows the computed and observed temperatures
iv ts; . stratosphere. The observations (R.E. Newell,
v. Atmos. Sci, 27, 977, 19702) were made over Port
Hedland, Australia, and are smoothed with a 3 month
running .2an; at altitudes near 20 km (pressures -50
mb) cho amplitude « £ the temperature inccease was 4-8
degrees throughout the regions from 10°N to 30°S. Part
2f the opserved temperature increase may be due to the
quarci-biennial oscillation, but it seems clear that
the aerosols did result in stratospheric warming of a
few degrees with a time scale for the increase of the
order of several weeks.
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Fig. 2 Observed tropospheric temperatures between 30°N
and 30 S, and computedl temperatures after Mt. Agung
eruntion aseuming added stratospheric aerosols to be
8ul “uric acid.

Figure 2 shows the computed and ob“served (R.E. Newell
and B.C. Weare, Sc.ence 194, 1413, 1976) temperatures
in the troposphere, fcr the latitude range 30°N -30°sS.
More recent analyses of the observations are in sub-
stantial agreement with the illustrated observations.
It appeais that following the Agung erupticn the aver-
age tropospheric temperaturzs i3 indeed decrease by

a few tenths of a degres with a time scale of the order
of one year, in agreemenu with the theoretical result.

The physical explanatior fo. tha computed effects is
straightforward. The overall effect of the added aero-
sols on the bulk of the atmosphere and the surface is
cooling, becaus: sulfuric acid s highly reflective to
solar radiation, thus tending to decrease the amcunt

of solar radiation abssrkzd py the earth/atmosphere sys-
tem. The aerosol:x aisc interact witn the thermal ra-
diation, and in fact warm the carih/atmosphere through

a 'greenhouse' ilocking of radiation from the surface
and troposphere; hcwevar, aerosols of the acsumed size
have too small an optical thickness in the infrared for
tiie greenhouse efifect to cxceed the albedo effect. The
impact of the aerosols on the local (stratospheric) tem-
reérature is one of heating, because, (i) they absorp
t'.ermal radiation from the warmer atmosphere and sur-
face below more effectively than they cool to space,

and (ii) they absorb a small amcunt of soiar radiztion
due to broad absorption bands in the near-infrars=3.

DISCUSSION
"he magnitude, sign, and time deiay of the temperature
“langes conputed with a simple 1-D climate model for

both tie straicznhere and troposchiere are in excellent
agreement with the obssrved _emperature changes follow-
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ing the injection of stratuspheric aerosols by Mt.
Agung. Despite the simplicity of the model, uncertain-
ties about the input data, and severe limitations in
the observational samplings, the resv’ -s are encoura-
ging with regard to the gquestion of whether global-
scale climate perturbations can be reliably modeled
and thus predicted.

Of course it is important to be cautious against over-
interoretation ot either the observations or model re-
sults. The observacions of aerosol properties and at-
mcepheric temperatures are not nearly as detailed and
accurate as desired, and we can nct be absolutely cer-
tain that the observed temperature variations are rot
in large part due to other mechanisms or simply to cli-
matic 'nois: . The model for the ciimate system is
Jrossly ovezsimplified and particularly fails tc proper-
3 acceount fo. three-dimensional transports. Nzverthe-
je33, we believe that the several aspects involved in
tuie agreement of observations and theory are too exten-
sive to be coincidental, and that they provi<e sirong
evidence that radiative perturbations of t‘ne magnitude
aof such volcanic emissions do noticeably impact the
climate, contrary to some recent opinions (B.J. Mason,
Neture 264, 608, 1976). Since potential man-made radia-
tive perturbations are of a similar magnitude, the re-
sults also provide evidence that we should indeed be
concerned about rossible inadvertent modifications of
global climate by man.

Finally, we wounid like to point out that one very use-
ful strategy for investigzrion of the gylobal climatic
system would be detailed observation and analysis of the
the next large vcicanic explosion. The observations
should include global monitoring of the spread, growth
and decay of the aerosols, in situ sampling of the aero-
sol properties, and accurate global monitoring of the
climatic response. These data would permit testing

of global climate models and aid in-depth analyses

of radiative, chemical and dynamical processes, as is
essential for cbtaining an imprcved understonding of

the physical mechanisms and interactions involved.
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AN INVESTIGATION OF SURFACEZ ALREDO VARIATIONS DURING THE
RECENT SAHEL DROUGHT

F. R. Musher and C. C. Norton, SSEC, Univ. of Wisccasin

ABSTRACT

Applications Technology Satellite III data
are used to measure surface albedoes in the
African Sahel during the 19€7 to 1974 droughLt.

INTRODUCTION

The expancion of the Sahara southward has been
discussed for at least a half century but only recently
have investigators c-ttempted to explain the mechanism
of desertification. The process has generally been
attributed to two causative elements; climate and man.
All of the earliest and some of the more recent inves-
tigations of desertification pointed to non-meteoro-
logical causes. Lowdermilk (193%) and Stebbing (1935)
proposed that the southward 2xr-ansion of the Sahara was
due, at least in part, to the practice of shifting
agriculture and overgrazing. Bernus (1972) studied
population movements in the Sahel and found that from
1940 to 1970 the northern limit of the wanderings of
ncmadic Peuls drifted from 15°N to 18°N. The agri-
culturists who followed the migration further increased
the grazing pressure by reduciag the available range-
land.

The meteorological desertification mechanisms
proposed thus far have generally been investigated by
empirical techniques. Lamb (1973) observed the equa-
torward shift of the subtrecpical high pressure belt and
pointed to its influence on the Sahelian rainfall vari-
ation. Winstanley (1973) noted an expansion of the
circumpolar vortex beginning in :he late 1950's, and
postulated that this =xpansion ..as the causative factor
for the shift of the subtropical ridge. Ac-ording to
Bryson (1973) the vortex expansion wzs caused by an
increase in aerosols and CO: #hich vesuited in an in-
crease in both the latitudinal ani vertical temperature
gradients. Similarly, Kraus (1977) relates the
Southern hemisphere temperature gradient to the 1TC2
oscillations.

The bio-geophysical mechanism proposed by Charney
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(1975) incorporates both the agricultural and herding
practices of man and meteorological processes to
explain the reduction of rainfall in the Sahel. He
contends that the destructive agricultural techniques
utilized and the browsing of livestock denudes the
vegetation causing an increase in thre surface albedo.
The increased albedo results in a n. radiative loss
which produces general subsidence ana drying over the
area, thereby inhibiting or reducing the convection
necessary for rain.

The geovphysical aspects of this mechanism was
examined by Charney, Quirk, Chow, & Kornfield (1977)
by numerical modelling. They demonstrated that a
significant reduction in precipitation could be
achieved by increasing the Sahel albedo from .14 to
.35. Similarly, Berkofsky (1976) found sinking
motion was associated with high albedoes in the
Negev desert. Otterman (1974) studied the effects of
the sharp contrast between the bright s5inai and the
relatively dark Negev. Measurements showed the bright
side to be 5°C cooler during the day in August. He
proposed that the "thermal depression" in the Sinai
could result in reduced convection.

The purpose of our study was to examine the
albedo variations in the Sahel during the period 1967
through 1974. We wished to determine the magnitude of
any year to year and seasonal albedo changes as well
as the relationship between albedo and precipitation.
The only quantitative data available with adequate
temporal. and spatial coverage to determine albedoes
over the area of interest during the drought was the
Applications Technology <atellite (ATS IIX) digital
tape archive. We found that apparently cioud free
data we ‘e availeble for at least one day of the years
1967, 6>, 72, 73, & 74 during the dry season (winter):
and for at least one day of 1969, 72, 73, & 74 during
the rainy (summer) season.

The data were navigated to insure that the same
areas were being compared. Although the data were
selected because they were the most cloud free,
additional surface was exposed through use of a min-
imuwm brightness composite (Mosher, 1977) obtained
by superimposing several digital areas from different
days at similar solar zenith angles and selecting the
minimum brightness value fJr each pixel. This process
effectively removed visible clouds except for lo-
cations that were cloud covered on all data sets.

ALBEDO MEASUREMENTS

Once the datz were navigated, merged into minimum
brightness composites, and displayed on McIDAS;
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brightness reasurement exclucing cloudy areas were
made for 2” square areas. It was assumed that the
mode of each histogram represented the brightness
value of the surface in each 2° square area. All the
albednes were derived assuming i.otrcopic scattering.

We eliminated gain changes, sensor degradation,
atmospheric contaminants, etc; but normalizing each
data set with respect to the area centered at 19N O5W.
Comparisons of this Saharan normalization point with
White Sands, New Mex. and Salar de Uyuni in Bolivia
show approximately *12% variation in albedo. Then
the cozine of the sclar zenith angle was applied to
each square to normalize all data to local noon. It
was then discovered that a systematic error appeared
in the albedoes computed from data with sun angles
greater than 45°. This 2ffect was ~<orrected by use
of ar empirical curve derived by measuring the albe-
does of iaenticai areas at different solar zenith
angles and computing the percent error as a function
of zenith angle.

RESULTS

Surface albedo measurements were made for 19 Nov
1967, 15 Sept 69, 6 Jan 70, 19 July 72, 13 Dec 72,

23 Dec 72, 14 Aug 73, 19 Oct 73, 2 July 74, and 21
Sept 74. The pattern of alberdoes ovzr the area shows
a band of high albedoes extending trom northeast Mali
through central Mauritania and a relative albedo
minimum located near the northern border of Mauritania
and Mali. The lines of constant albedo generally
parallel the mean isohyets in the Sahel. Most of the
data show an albedo gradient that is primarily lati-
tudip~1 with the largest gradient occurrir<qg between
15°N and 19°N as is shown by figure 1. A cronparison
of our surface albedo patterns with those derived by
Rockwood and Cox (1977) using SMS data for 1374 shows
a reasonably good correlation.

In order to examine the overa.l Sahelian surface
albedo changes, tne area was subdivided into a
Saharan area, 18 to 22°N, and a Sahelian area, 12 to
18°N. The data were subdivided into a wet season set
consisting of 15 Sept 69, 19 July 72, 14 Aug 73, and
2]l Sept 74; and a dry season set consisting >f Nov 67,
06 Jan 70, 1, Dec 72, 19 Oct 73, and 2 July 74. A
mean albedo for the Sahara and tre Sahkel was computed
for each data set. We then obtained a normalization
factor for each mean Sahelian albedo by dividing the
mean Sahara value for each data set by the mean
Saharan valuc of all the data sets. The results (fig.
2) show the albedo increase fc. both the wet and dry
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season data, and also point out the tendency for the
wet season albedoes to approuach thouse of the dry
season as the drought progressed.

The first seasonal change we looked at was the
July to Sept 1474 data. Our calculations averaged
latitudinally from 16°W to 9°W show relative albedo
increases of 14% along 13°N, 25% along 15°N, 30%
along 17°N, 5% along 19°N ani 21°N. The seascnal
change between Sept 1969 and Jan 1970 revealed a
similar (but reversed) pattern of albedo changes. An
exanination of seasonal changes for 1972 and 1973 did
not show patterns similar to the 1269 and 1974 albedo
changes or comparable magnitudes of albedc change.

The inter-annual variation of surface albedo was
examined for both the wet »nd dry seasons. For the
wet season the percentage albedo change for three time
intervals were examined: Sept 1969 to July 72; Sept
69 to Aug 73; anc Sept 69 to Sept 74. The maximum
albedo increases are similar to the maximum observed
for the seasonal ‘sariation; approximately 100%. The
albedo increases are generally hicher for the 1969-
1972 and 1969-1973 intervals. The dry season alpedo
change patterns are not as regular or as lairge as the
wet season. The albedo changes between Nov 1967 and
Jan 1970, and between Nov 1967 and Juiy, 1974 are
mostly within the noise limits of the measurements.
The changes are somewhat larger (60%) for the 1967
to 1973 period than for the 1967 to 1972 period (40%);
perhaps reflectirng the increased intensity of the
drought in 1973.

In order to rclate albedo and precipitation, we
averaged the precipitation for all stations in the 2°
square areas and computed correlation coefficents
between the annual precipitation and the albedo during
the following dry season. Coefficients for 1967, 70,
72, 13, and 74 were -.57, -.71, ~-.58, .07, and -.72
resp. Only the 1970 and 1974 correletions were sig-
nificant.

CCNCLUSIONS

The meoasurements indicate the exist:nce of a
surface albedo cycle for both the wet ard dry seasons
during the 1967 to 1974 Sahel drcught (Fig. 2). The
largest increases of surface albedo from a normal ycar
to » drought year occurred in the wet season. The
maximum observed changed for any 2° square was on the
order of 100%. The greatest scasonal changes were
found to occur during normal years with maximum
changes of approximately 80%. The estimated error
in the measurement technique is 11% of the surface
albedo valve.
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